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This dissertation depicts research efforts aimed at developing analytical 
methods for the determination of both cationic and anionic pollutants in 
environmental water. The objective of these works is to fill-up some of the 
existing gaps in automated water quality control and also to fulfill the growing 
demands in on-site and on-line monitoring of pollutants in water.  
 In chapter 2, a DNA-based molecular beacon fluorescent sensor was 
demonstrated for the detection of a cationic pollutant, namely Hg2+.  This sensor 
can easily detect Hg2+ in the presence of other metal ions. The performance of 
the sensor could be tuned by rationally controlling the number of T-T 
mismatches in the sensing system in the cases where detection of Hg2+ at 
different concentration ranges is required.This sensor is potentially useful for 
on-site detection in environmental applications involving different 
concentration ranges. 
In chapter 3, a label-free DNAzyme-based quartz crystal microbalance 
with dissipation monitoring (QCM-D) biosensor was demonstrated for 
detection of another cationic pollutant, i.e. Pb2+. Gold nanoparticles were used 
for signal amplificationto enhance the performance of the sensor.This QCM-D 
biosensor showed high selectivity toward Pb2+ ions. The detection strategy 
would provide an opportunity for “pollution-free” and on-line detection of metal 
ions in water. 
In chapter 4, a highly sensitive two-dimensional matrix elimination ion 





disinfection by-products. This method was able to detect bromate, chlorite, and 
five haloacetic acids simultaneously. The method was able to eliminate matrix 
and improve the detection of these compounds in the presence of interfering 
matrix ions. This method is fully automated, which would allow for high 
throughput analysis of disinfection by-products by IC with minimal intervention 
by operator. Finally, in chapter 5, the objective of identification and 
quantification of both cationic and anionic pollutants in environmental water 
samples was  achieved/demonstrated and the areas for future work were 
highlighted.
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Chapter 1:Ionic pollutants in water and current state of the art 
for the ionic pollutants detection 
1.1 Introduction 
Water is a precious resource and plays a vital role in the proper 
functioning of the Earth’s ecosystem. The major sources of water used to meet 
the domestic, agricultural and industrial needs are the ground water and surface 
water. It has been unequivocally demonstrated that water of good quality is 
crucial to sustainable socio-economic development. Without water of adequate 
quantity and quality sustainable development will not be possible. In spite of 
this, this finite resource is being polluted in a variety of ways and the pollution 
is continuously increasing day by day. Water, as a good solvent, is capable of 
dissolving or suspending a tremendous variety of materials. It also means that 
many toxic substances can dissolve in water. Many different chemicals are 
regarded as pollutants, ranging from simple inorganic ions to complex organic 
molecules. More than 600 organic and inorganic pollutants have been reported 
in water along with microbial populations [1]. These chemical pollutants can 
exist in water in different states. They can be dissolved or they can be in 
suspension. The movement and distribution of chemical pollutants within water 
depend on properties of the water and properties of the chemicals themselves. 
The contamination of water sources with ionic pollutants is a matter of concern 
as many of the ionic pollutants are hardly or non-biodegradable or can be bio-
transformed to persistent and toxic compounds during their degradation, 
resulting in harmful effect on public health [2-6].The chemical pollutants with 
ionic properties can perform charge separation and easily dissolve in water. 
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Besides inorganic cations and anions, many polar organic compounds and 
organic salts are water soluble and ionizable as they can induce dipole 
interaction. A number of ionic pollutants, such as heavy metals, nitrite, bromate, 
chlorite, arsenate, and ionic dyes, have been found at potentially harmful 
concentrations in natural water sources and wastewaters. Because of their 
ability to potentially cause adverse effects in organisms at concentration as low 
as a few µg/L, the majority of them can be referred to as charged micro-
pollutants [7-11]. Ionic pollutants can travel great distances through water in 
many different ways and may be present simultaneously in contaminated water. 
Due to their good solubility in water, ionic pollutants can travel farthest in a 
river that is fast flowing compared to non-ionic pollutants that exist in 
suspension in water. They can also travel great distances within animals such as 
fish or sea birds, and end up in the food chains of non-polluted areas. For these 
reasons, the presence of toxic ionic pollutants in the environmental water needs 
to be monitored to safeguard the supply of clean drinking water to the public as 
well as to protect human and environmental health. Therefore, analytical 
methods are needed to identify and quantify undesirable or dangerous ionic 
pollutants for monitoring and controlling their pollution.    
1.2. Diversity and impact of ionic pollutants 
A broad spectrum of ionic pollutants is being discharged into the 
environment. The pollution of the environmental water with ionic pollutants 
may be either natural or anthropogenic origin. The contamination of water 
sources with ionic pollutants is due to the presence of inorganic and organic 
chemicals in water such as acids, alkalies, toxic inorganic compounds, dissolved 
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inorganic compounds and dissolved organic compounds. Waste water from 
domestic, business establishments and industrial, such as dyes, drugs, 
detergents and chemical industries, contribute most of the organic chemicals. 
Toxic inorganic compounds are generally present in the industrial wastes like 
gas liquors, coking ovens, fertilizers, alkali producing industries etc. 
Agricultural and burning of fossil fuel are also contributors of ionic inorganic 
pollution. The leachates from waste and soil polluted landfills are also polluting 
underground water. Generally, ionic pollutants can be classified into cationic 
and anionic pollutants. Some of the most common and dangerous examples of 
ionic pollutants are discussed below.  
Among the ionic pollutants, heavy metal ions are reported as priority 
pollutants due to their toxicity and mobility in natural water and soil ecosystems. 
They are present as elementary compounds or mineral deposits in nature, from 
which they are extracted and processed for different purposes. During these 
processes, they are released into the environment and reach the waters, 
atmosphere, soil, and biota. Their release into the environment is of great 
concern, due to their ability to concentrate and accumulate, in different stable 
forms and in different media. Moreover, metals are not biodegradable or bio-
transformable and, hence, exist in the environment for long time.People are 
constantly been exposed to heavy metals in the environment [12, 13]. There are 
several cases described in the literature where exposure of populations to heavy 
metals has resulted in severe damage to their health even in small concentrations 
such as organ damage, brain damage, nervous system damage, cancer, lower 
energy level and reduced growth [14, 15]. In more serious condition, coma and 
fatality can happen. Sometimes, they can accumulate in the bodies of organisms 
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before the symptoms are observable. Till now, there have been several cases 
reported on heavy metal poisoning in the populations and the number of 
incidents is increasing with time. The most common heavy metals present in the 
environment are lead, copper, aluminum, chromium, cadmium, mercury, 
arsenic and zinc [12, 13]. They can be found in surface waters in their stable 
ionic forms. The common routes of entry into the human body are through 
inhalation, skin absorption and ingestion.  
Cationic and anionic dyes are another pollutants of concern which are 
usually found in the waste water of textile industries, dye and dye intermediates 
industries, pharmaceutical industries, etc. They are usually synthetic and ionize 
into cationic and anionic compounds in water solution and dye the fibers by 
forming ionic linkage with the fibers through ionic linkage. The discharge of 
dye-containing effluents into the environmental water is undesirable as many of 
dyes released and their breakdown products are toxic, carcinogenic or 
mutagenic to life forms mainly because of carcinogens, such as anthroquinone 
and other aromatic compounds [16]. Compared to non-ionic dyes, ionic dyes 
are more problematic as they are difficult to be removed through conventional 
treatment systems and some of them are resistant to degradation i.e. 
anthroquinone-based dyes are resistant to degradation due to their fused 
aromatic ring structure [16].   
There is a class of organicanionic compounds that is important because 
their formation and presence in drinking water is a direct result of the most 
common and economical process used to kill harmful pathogens, chlorination. 






products when the chlorine used to disinfect water reacts with organic precursor, 
represented by various components of natural organic matter, and inorganic 
precursor, most often certain halide ions in water (see Fig.1.1). They can also 
be formed when secondary disinfectants to chlorine (e.g. chloramines, chlorine 
dioxide, ozone and ultraviolet) are used to disinfect water [17].  There are of 
great concern about the presence of HAAs because they are one of the major 
abundant of disinfection by-products (DBPs) in water [18, 19]. The level of 
HAAs in water is usually greater in water systems where surface water is the 
source, and levels typically vary seasonally with the organic content of the 
source water supply. Toxicological studies have shown that exposure to these 
compounds can cause cancer and a number of health problems [20]. In addition 
to these anionic organic products, inorganic species of DBPs are also found. 
These include oxyanions of halogens, such as bromate and chlorite, which can 
be formed by a variety of oxidizing disinfectants. Bromate is of particular 
interest since it is suspected of posing one of the highest cancer risks of any 
DBPs. The main source of bromate for humans is from the ozonation of source 
water that contains bromide originating from both natural and anthropogenic 
activity (see Fig. 1.1) [21]. Chlorite is another type of DBP, produced as a result 
of using chlorine dioxide as a disinfectant (see Fig. 1.1). Considering the 
potential health risks, the levels of HAAs and oxyanions in drinking water are 
regulated in many countries.  
Besides of oxyanions, some anionic inorganic pollutants are not 
particular toxic, but are still a danger to the environment because they are used 
so extensively. These include nitrates and phosphates from fertilizers. Excessive 
inflow of nitrates and phosphates in water contribute the source of nitrogen and 
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phosphorus for algae growth, triggering frequent outbreaks of algal blooms in 
surface water (eutrophication). Algae cluster on the surface may reduce sunlight 
penetration and prevent photosynthesis on aquatic plants, causing the oxygen 
level of the water to decline [22]. Excess consumption of fluoride released from 
the aluminum industry may cause fluoride toxicity called fluorosis [23].  Other 
ionic pollutants of concern are perchlorate and organotin. 
 
 
Fig. 1.1 Schematic diagram of the reaction of inorganic and organic disinfection 
by-product precursors with disinfectants to form haloacetic acids, bromate and 
chlorite. 
 
Ingestion of these substances may lead to acute or chronic intoxication 
on organisms, according to the exposure condition and quantity ingested [22]. 
Considering the diverse sources of ionic pollutants and their health risks, legal 
restrictions and regulations have been implemented for environmental quality 
and effluent standards in many countries to protect human health and satisfy 
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water quality for utilization purpose. The U.S. Environmental Protection 
Agency (EPA) and World Health Organization (WHO) have established 
Maximum Contaminant Levels (MCLs) for some of the most common and/or 
potentially dangerous of the identified water pollutants. Table 1.1 lists the 
MCLs in drinking water by EPA, potential health effects and common sources 
of contamination for selected toxic ionic pollutants. To support the 
implementation of regulatory guidelines, the development of detection methods 
and techniques is needed in order to provide results about the content of the 









Table 1.1 Maximum contaminant levels (MCLs) by EPA, potential health effects and common sources of contamination for selected toxic ionic 
pollutants. 
Pollutant MCL in drinking 
water (mg/L) Potential health effects Common sources of contamination 
Arsenic 0.01 Skin damage, problems with circulatory systems, increased risk of getting  cancer 
Erosion of natural deposits, run-off from glass, run-off from 
orchards, electronics production wastes 
Cadmium 0.005 Kidney damage 
Erosion of natural deposits, corrosion of galvanized pipes, 
discharges from metal refineries, run-off from waste batteries and 
paints 
Chromium 0.1 Allergic dermatitis Erosion of natural deposits, discharge from steel and pulp mills 
Copper 1.3 Short term exposure: gastrointestinal distress Long term exposure: liver or kidney damage  
Erosion of natural deposits, corrosion of household plumbing 
systems 
Mercury (inorganic) 0.002 Kidney damage Erosion of natural deposits, discharge from refineries and factories, run-off from landfills and croplands 
Lead 0.015 
Infants and children: Delays in physical or mental 
development                            
Adults: kidney problems, high blood pressure 
Erosion of natural deposits, corrosion of household plumbing 
systems 
Cyanide 0.2 Nerve damage, thyroid problems Discharge from steel/ metal factories, discharge from plastic and fertilizer factories 
Bromate 0.01 Increased risk of cancer By-product of drinking water disinfection 
Chlorite 1.0 Anemia, infants and young children: nervous 
system effects By-product of drinking water disinfection 
Haloacetic acids 





1.3. The current state of the art of analytical methods for the determination 
of ionic pollutants  
Research on the toxicological and distribution of ionic pollutants in the 
environmental water has led to an increasing concern for reliable detection 
methods that can accurate assessments of trends in water quality. Analytical 
measurements are needed to provide information about their concentration for 
the environmental and health risk assessment. Analytical measurements is also 
important in order to raise awareness of the urgent need to address the 
consequences of present and future threats of contamination and to provide a 
basis for action at all levels [24]. In addition, it is an essential element to support 
the development and implementation of regulatory guidelines.  
The chemical diversity of ionic pollutants and the complex 
environmental matrices pose great challenges to analytical chemists. Apart from 
that, the fact that toxic ionic pollutants are often found as traces leads to the 
need for very sensitive techniques. Therefore, analytical methods that able to 
detect the ionic pollutants at ppb, or even ppt, levels are highly required. 
Moreover, the presence of several ionic pollutants in water may produce 
synergistic effects, which strongly encourage researchers to look for analytical 
techniques that can perform multicomponent measurements. Different 
analytical methods have been reported in the last few decades to determine ionic 
species in complex matrices of unknown composition as environmental waters. 
The methods are mainly focused on the determination of single species or 
groups of species. Conventional analytical methods that employed 





spectrometry, are the main detection method use for effective monitoring of 
ionic pollutants in environmental water for today. These techniques are 
extensively used as standard methods to determine ionic pollutants. The need 
for generally accessible system for pollution control and early warning has 
encouraged the development of new technologies. With the scientific 
innovations of advanced technologies, numerous sensors techniques 
(biosensors and chemical sensors) and multiple platforms have appeared and 
emerged from recent research developments for the assessment of water 
pollution. This technology is still a rapidly evolving field for various 
applications having been proposed over the last twenty years. Despite their early 
stage of development, preliminary results are promising. 
1.3.1. Conventional methods and techniques  
 A variety of conventional analytical methods are available for the 
determination of different ionic pollutants of environmental concern. The major 
existing techniques for determination of ionic species are spectroscopic. Some 
of the techniques like colorimetry, gravimetry, potentiometry, and amperometry 
are also available for the determination of ionic species. The word "conventional” 
in describing these approaches is used here to designate well-established 
techniques or devices, in contrast to more recent developments. The choice of 
analytical methods and their related techniques are based on properties of the 
analyte that can be measured by an appropriate system. Some of the methods 
and techniques are especially applicable as single-component techniques, or as 
simultaneous multicomponent analyses. Some of the methods techniques are 





anionic species of organic compounds. Table 1.2 summarizes the principles and 
their applicability of some of the conventional analytical methods and 
techniques for determination of ionic species [25, 26]. 
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The majority of cations listed as primary drinking water pollutants are 
heavy metals that are present at tracer levels. A variety of inorganic techniques 
can be used to measure heavy trace metals in environmental samples including 
atomic absorption spectrometry (AAS), X-ray fluorescence (XRF), atomic 





inductively coupled plasma-atomic emission spectrometry (ICP-AES), 
inductively coupled plasma-mass spectrometry (ICP-MS) as well as anodic 
stripping and voltammetry. AAS was until recently the most widely used 
method for environmental trace metal analysis. However, it has now largely 
been superseded by ICP-AES due to its ability for multianalyte analyses [27]. 
The EPA Method 200.7 describes the determination of metals and some non-
metals by ICP-AES measurement [28]. The US EPA has published a sample 
preparation procedure for spectrochemical determination of total recoverable 
elements, Method 200.2 [29]. Ground waters, surface waters, drinking waters, 
wastewaters, and solid samples for measurement of AAS and AES should be 
prepared as described in Method 200.2. The applications of ICP-MS are broadly 
similar to those for ICP-AES, although the better sensitivity of the former has 
resulted in applications such as the determination of ultralow levels of trace 
elements. ICP-MS technique has been employed to determine a large number 
of elements in environmental samples, and it is especially suited for heavy 
metals analysis in groundwater samples [30]. The EPA Method 200.8 provides 
procedures for determination of dissolved elements in groundwaters, surface 
waters, and drinking water using a quadrupole mass analyser in scanning mode 
[31]. XRF is most used in soil analysis but its poor sensitivity makes it less 
suitable for analysis of minor and trace elements [32]. Portable field XRF is 
becoming a common analytical technique for on-site screening and fast analysis 
of elements in hazardous waste samples [27]. The EPA has published a standard 
operating procedure for elemental analysis using a field XRF, applications 
include the in situ analysis of metals in soil and sediment [33]. However, 





NAA has the advantage of requiring little, if any, pretreatment of the sample. 
The main drawback of NAA is probably the high cost and limited access to the 
facilities [25]. AFS is a complementary technique to AAS in which it measures 
the light that is reemitted after absorption. It is essentially a single-element 
technique but multielement analysis can be achieved using a continuum source 
[25]. Electroanalysis is a broad spectrum of techniques that can be distinguished 
by the variable that is controlled by voltage or current. These techniques can 
provide quantitative and qualitative information. The advantage of these 
techniques is the ability to distinguish between different oxidation states of the 
same metal. The EPA describes a protocol for determination of arsenic and 
mercury in aqueous samples using anodic stripping voltammetry in Method 
7063 and 7472, respectively [34]. In addition, these procedures offer the 
advantage of simplicity, speed, and low cost of instrumentation. These 
advantages are sometimes compromised by a lack of specificity and sensitivity. 
All the above methods and techniques are used to determine metallic and 
metalloid compounds, present in different forms of a large variety of matrices, 
such as environmental or biological samples. Some of the methods are suitable 
to determine the cationic or oxyanionic forms of the heavy metal, and others for 
the organometallic forms. Depending upon the number of elements to be 
determined, expected concentration range of analytes and the number of 
samples to be run, the most suitable technique for business requirements or 
analytical aim can be chosen. 
 The majority of the anions of environmental concern are non-metallic 
and limited methods are available compared to metallic pollutants. The 






spectrophotometric method.  The titration process has been automated so that 
batches of samples can be titrated automatically. The spectrophotometric 
method is only of value when the identity of the compound to be determined is 
known and requires a prior separation of the compound to be determined [25]. 
This technique is also used in metal ions determination. Both of these techniques 
have limitation on the sensitivity that can be achieved, usually mg/L or 
occasionally, µg/L [35]. Therefore, it is likely that they would only be applied 
to those types of water samples where the concentration of the determinand is 
relatively high, e.g. industrial effluents and sewage. Basically, AAS and ICP-
AES were designed for the determination of cations. However, recently, ICP-
AES has also found to be particularly useful for the determination of extremely 
low levels of a limited number of anions in water.  AAS has been applied to the 
indirect determination of some anions. For example, an excess of barium 
chloride solution is added to a sample containing sulphate and the precipitated 
barium sulphate was filtered off then determination of excess barium ions by 
AAS enables the concentration of sulphate ions can be calculated indirectly [35]. 
Ion selective electrode (ISE), a transducer (or sensor) that converts the activity 
of a specific ion dissolved in a solution into an electrical potential that can be 
measured by a voltmeter, is also commonly used to measure anion species. ISE 
is relatively inexpensive and simple to use when compared to many other 
analytical techniques. The most serious problem limiting use of ISE is 
interference from other. The ISEs are not completely ion-specific; all are 
sensitive to other ions having similar physical properties. Similar to metallic 
cations, electrochemical methods have been employed fairly extensively in 





speciation of anions. Thus, arsenite/arsenate and selenite/selenite can be 
resolved [35]. 
 By far the most extensively used techniques are chromatographic 
techniques such as gas chromatography, liquid chromatography and ion 
chromatography. These techniques are often coupled to an analytical detector 
to provide more specificity of response and a broad range of application. Gas 
chromatography (GC) is often used for analysis of pollutants in environmental 
samples. The advantages of GC involve a high speed of analysis, a high 
separation efficiency, availability of highly sensitive detectors and 
environmental friendliness owing to the fact that the mobile phases are inert 
gasses. At present, the most frequently used detection techniques are based on 
universal mass spectrometry. Besides, a number of hyphenated techniques 
based on the combination of GC with AAS and ICP-MS have been used in many 
environmental studies [36]. GC methods are very useful in determination of 
chemical compounds ranging from inorganic to organic. Their applications, 
however, are limited to the determination of volatile compounds. As such, it 
required for appropriate chemistry to convert the target analyte to a volatile form 
before injection of the extract into the GC. Methods of achieving this for ionic 
pollutants have been described in the cases of arsenate, bromide, chlorite, 
cyanide, phosphate, sulphate, selenate, selenite, sulphide, thiocyanide, 
haloacetic acid and etc [25, 35, 37]. The sample preparation steps for some of 
the GC methods are heavy to run and time-consuming which may consider GC 
analysis of some compounds tedious and expensive.For this reason increasing 






 LC has emerged as a very useful technique for the analysis of a number 
of water pollutants. For compounds that are not volatile or thermally labile, LC 
rather than GC is often the method of choice for separation prior to detection. 
LC has some important advantages over GC techniques, that is, water samples 
can be analyzed directly without derivatization and do not required drying of 
sample which is necessary in GC analyses. LC is recognized to be especially 
efficient and convenient analytical approach for the determination of variety of 
ionic pollutants. The LC that is most commonly use in ion analysis is ion 
chromatography (IC). The most popular applications of IC are determination of 
common anions (arsenite, nitrate, nitrite, phosphate, trimetaphosphate, 
triphosphate, sulphate, fluoride) and cations (sodium ions, potassium ions, 
ammonium, calcium ions) in water and wastewater [38]. Acceptance of IC for 
anion analysis was very rapid, mainly due to the lack of alternative methods that 
could quickly and accurately determine several anions in a single analysis. 
Advances in column and detection technologies have expanded this capability 
to include a wider range of cations and anions as well as organic ions. For 
instance, it can be used for the determination of ionic solutes such as inorganic 
cations (including alkali metals, alkaline earth metals, transition metals, and rare 
earth metals), inorganic anions, phosphoric and sulfonic acids, carboxylic, 
detergents, low molecular weight organic bases, carbohydrate, and ionic metal 
complexes [39, 40]. At present there are two main types of IC: suppressed IC 
and non-suppressed IC. Ion exchange remains the primary separation mode 
used in IC today. Numerous standard methods for determination of ionic species 
by IC have been reported by regulators and legislators. For example, the EPA 





drinking water [41].  For laboratories that need to determine numerous anions 
and cations in several thousand samples, IC is an attractive technique. It is 
especially attractive when the laboratories do not have the throughput to justify 
the purchase of large automatic analysers, which are usually based on 
colorimetric procedures. Compared to other conventional methods of inorganic 
determination, IC offers the advantage of good sensitivity, specificity, 
multicomponent analysis, small sample volume, simple water sample 
pretreatment, speciation analysis and automation of the analytical procedure [38, 
42, 43].  It also eliminates the need to use the hazardous reagents that are often 
integral to wet chemical methods. 
 Capillary electrophoresis (CE) is the separation method of choice for 
ionic and ionizable compounds. This technique offers many similar advantages 
to IC in the determination of ionic species such as multiple ion analysis, little or 
no sample preparation, sensitivity, speed, minimal solvent and reagent 
consumption and automation. It is also well suited to the analysis of anions. 
Very often, CE refers to capillary zone electrophoresis (CZE), but other 
electrophoretic techniques including capillary gel electrophoresis (CGE), 
capillary isoelectric focusing (CIEF), capillary isotachophoresis and micellar 
electrokinetic chromatography (MEKC) belong also to this class of methods, 
enabling rapid and highly efficient analyses of both charged and neutral species. 
The capillaries employed are typically less than 100 µm in internal diameter, 
thus only a small volume (a few nanoliters at most) of the sample is required for 
analysis. Excellent limits of detection in terms of absolute amount (attomole 
level) have been reported. However, its concentration sensitivity is rather poor 





becomes aggravated since most commercial CE instruments are equipped with 
absorbance-related detectors [44].  Since the inner diameter of the capillary tube 
is also the pathlength of the cuvette, the available path length for detection is 
short, resulting in limited detection limit and lower sensitivity. Besides of 
poorer sensitivity, CE has limited preparation options compared to LC [45]. For 
these reasons, CE has lagged behind chromatography-based systems in terms of 
application to routine analyses.  
1.3.2. Emerging methods and techniques  
 Biological and chemical sensors are one of the most exciting fields in 
analytical chemistry today. Their research and development has obviously 
increased in the last few years due to the necessity of solving current problems 
in various fields in our society. Sensor technologies offer particular advantages 
for surveillance, early warning and process control by providing rapid 
information about pollutants. They can be used as environmental quality 
monitoring tools in the assessment of biological quality or for the chemical 
monitoring of both inorganic and organic priority pollutants. They offer a 
promising basis for an easy-to-use analysis and could play important role as 
screening or early warning tools. This will also help with mapping the spatial 
and temporal distribution of pollutants and may be of particular importance in 
identifying sources of water contamination [46]. For environmental applications, 
the main advantages offered by sensors over conventional analytical techniques 
are possibility of portability, miniaturization, work on-site and the ability to 
measure pollutants in complex matrices with minimal sample preparation, 





surface waters. Although many of the developed systems cannot compete yet 
with conventional analytical methods in terms of accuracy and reproducibility, 
they can be used by regulatory authorities and by industry to provide enough 
information for routine screening of samples. Thus, there is a clear demand for 
sensing technologies to provide added value or as a complementary analytical 
tool in monitoring pollution in water. Although the initial expectation of the 
massive incorporation of sensors in routine analytical work has been truncated 
to some extent, in many other cases analytical methods based on sensor 
technology have solved important analytical problem. Many research groups 
are working in this field world-wide, reporting interesting results so far.  
 Sensors are devices composed of two elements: the recognition 
molecule, which selectively reacts with the compound(s) of interest (recognition 
element) and is connected with a transducing element converting the change of 
the physical variable produced by the reaction into a measurable signal [47]. In 
this respect, biosensors are those using biological molecules/entities as 
recognition elements such as antibodies, DNAs and enzymes, while chemical 
sensors are those using chemical molecules as recognition elements such as 
polymers, organic ligands. There are many types of transducers can be used in 
sensor development. The optical transducers include absorbance, 
chemoluminescence, luminescence, reflectance, surface plasmon resonance, 
evanescent field, and photoemission. Mechanical transducers are often called 
frequency transducers and include piezoelectric oscillators, quartz crystal 
microbalance, and acoustic effect. Thermal transducers are calorimetric systems. 
Electrical transducers can be called electrochemical transducers when the 





transducers by mode include current (amperometric), voltage (potenciometric), 
current-voltage (voltammetric) and resistance transducers. 
The fundamental and key feature of a sensor is the construction of the 
recognition element for the interaction with the targets. Recent advances in the 
development of new materials have opened a new era of analytical techniques. 
Various recognition elements specified to different ionic pollutants have been 
reported, several sensors have been reported based on these reported recognition 
elements for the detection of toxic ionic pollutants. Among the chemical 
recognition elements, molecular imprinted polymers (MIPs) are attracting much 
attention. MIPs are synthetic polymers capable of recognizing a particular 
molecular based on its shape, size or functional group distribution. MIP-based 
sensors have several inherent advantages over biosensors: low cost, robustness, 
and stability for long storage periods. MIPs do not suffer from bioactivity 
degradation and can be specially designed for integration into a sensing device. 
These functional materials have found a wider application in the field of 
selective sample preparation. To date, MIP-based sensors that use different 
types of transducers has been described for the detection of ionic pollutants in 
water [48-51]. For example, a MIP-based sensor was developed for aluminum 
ions detection by using an optical approach [48]. Aluminum ion was adopted as 
the template molecule and 8-hydroxy-quinoline sulfonic acid ligand as the 
fluorescence tag. The synthesized MIP shows interference towards copper and 
zinc ions with detection limit of 3.62 µM but the sensor is reusable. A 
trichloroacetic acid MIP coated quartz crystal microbalance sensor was 
developed for determination of HAAs in drinking water [49]. The proposed 





the HAA analogues are capable of inducing changes in the frequency response 
of the sensor. Another drawback is the limits of detection of HAAs are at present 
higher than concentrations commonly found in actual drinking water samples. 
Problems of these sensors are connected with problems of polymer materials in 
general. Therefore, future research is required as currently available MIPs are 
not selective enough to compete with natural biorecognition receptors. 
Nevertheless, MIP-based sensors are very promising and are expected to find 
wider application in the future. 
Functional biomaterials with high affinity and high specificity include 
enzymes, antibodies, functional oligonucleotides and DNAzymes. Enzymes are 
substrate-specific biological molecules that catalyse specific chemical reactions. 
Enzyme-based biosensors have been extensively studied in the last decades due 
to the vital practical needs of medicine, industry, and environmental control and 
monitoring [52-54]. A variety of enzymes have been reported to be sensitive 
and specific towards some of the ionic pollutants as the presence of the specific 
analyte can activate or inhibit their activity [55, 56]. Enzymes such as oxidase, 
peroxidase and urease are commonly used in the design of these sensors. For 
example, a highly sensitive potentiomeric sensor for mercury ions was 
developed based on the inhibition effect of mercury ions to glucose oxidase 
(GOD) by immobilizing GOD on modified electrode [57]. This sensor had a 
specificity to mercury ions than the interfering metals such as copper, zinc and 
cobalt ions. An enzyme sensor was described for cyanide ions based on the 
inhibiting effect of cyanide ions on the activity of horseradish peroxidase, which 
catalysed the oxidation of ascorbic acid with hydrogen peroxide to 





offer high specificity, the interaction between environmental pollutants and 
specific enzymes is relatively limited, and they suffer from the rigorous 
fabrication conditions and poor stability which limit their application [59]. 
Antibodies have long been the most popular affinity-based recognition 
elements. Antibodies-based sensors have been developed for a series of 
chemical pollutants using the specific interactions between antigen and 
antibody. Some antibody-based sensors have been used for detection of heavy 
metal ions. Due to the presence of nitrogen, sulphur and oxygen atoms, 
antibodies can be recognized by heavy metal ions via the cooperative metal-
ligand interaction. However, very few antibodies have been reported with the 
ability to bind heavy metals. The monoclonal antibodies directed toward Hg2+ 
ions have been generated by immunization of animals with a glutathione-Hg 
derivative; this antibody is the basis for the only commercially available metal 
ion immunoassay [60]. The main advantage of the use of antibodies as 
recognition elements is their sensitivity and selectivity; however there are some 
limitations with using antibodies in sensors for environmental application. 
Antibodies cannot be obtained for molecules too small to have sufficient 
binding repertoires or for molecules with poor immunogenicity or high toxicity 
[61]. The antibody binding capacity is also strongly dependent on assay 
conditions (e.g. pH and temperature). Moreover, although antibody-antigen 
interaction is generally irreversible, it has been shown that binding can be 






An aptamer, and or a broader spectrum, functional nucleic acids, is a 
single-strand DNA or RNA sequence selected by Systematic Evolution of 
Ligands by Exponential enrichment (SELEX). It binds selectively to its target 
through folding into a complex three-dimensional structure [61]. This unique 
characteristic has enabled the extension of nucleic acid biosensors to virtually 
any type of analyte. As aptamer technology is still in its infancy, numerous 
aptamers have been selected for targets including supramolecular structures, 
low molecular weight molecules and entire organisms but not all have been 
developed into biosensors yet. Aptamers are a useful alternative to antibodies 
as sensing molecules, the introduction of DNAs into biosensors increases their 
stability and offers new possibilities. They are easy to synthesize chemically 
and require no complicated and expensive purification steps, avoiding batch-to-
batch variation found when using antibodies. In addition, they are more resistant 
to denaturation and degradation allowing the use of a wider variety of solvents 
or buffers, which is particularly useful for biosensing environmental. Therefore, 
aptamers have become increasingly important bioassay materials for 
environmental detection. Functional nucleic acid that recognize heavy metals, 
have been identified and used as a sensitive capture molecule in development 
of biosensors that can be used to detect heavy metals. As a negatively charged 
biopolymer, DNA can bind any positively charged metal ion, making high 
selectivity a challenge. However, an in vitro selection technique has been 
developed to obtain DNAzymes that catalyze reactions in the presence of 
particular metal ions [63]. DNAzymes or aptazymes become a new class of 
functional nucleic acids. Their high selectivity toward specific targets makes 






ranging from heavy metals to low molecular weight organic or inorganic 
substrates and macromolecules, resulting in new materials and devices that may 
be employed in the environmental monitoring field [64-69]. In addition, related 
DNA, such as thymine-thymine (T-T) or cytosine-cytosine (C-C) mismatches 
and G-quadruplexes, also binds metals ions, such as Hg2+, Ag+, and K+, 
respectively. Aptamers and DNAzymes intended for metals are listed in Table 
1.3 and theirmechanisms with metal ions are described in Fig. 1.2.  
 
Fig. 1.2 Schematic diagram of the mechanisms of DNA molecules with metal 




Table 1.3 DNA molecules recently reported that have been confirmed to bind 
to metal ions. 
DNA structure Mechanism with metal ions Target metal ions Ref. 
DNAzymes Catalytic cleavage of DNA 
substrates 
Pb2+, Cu2+, Mg2+, 
Ca2+, Zn2+, Co2+, 




Stablization or destablization 
of the G-quadruplex K
+
, Pb2+, Cu2+, Ag+ [82-86] 
DNA 
mismatches 
Formation of stable base 
pairs Hg
2+







1.4. Demands for new analytical methodologies for the determination of 
ionic pollutants in water 
Despite numerous analytical methods are available for determination of 
ionic pollutants, analytical methods and techniques have been continuously 
improved to meet the growing demand, and indeed determinations for a number 
of pollutants still need to be developed. There are today increasing demands of 
chemical knowledge about ambient water as a consequences of intensive 
environmental water research and growing public concern. In addition, 
governments throughout the world are continuing to tighten contaminant 
concentration limits and regulations for environment protection. For example, 
the European Union Water Framework Directive (EU WFD-2000) have created 
a demand among member states for water quality monitoring systems that are 
able to monitor reliably a large number of water quality parameter at regular 
intervals. They are also required to establish monitoring programmes to assess 
the status of surface and ground water since the drinking water we receive from 
our local drinking water utilities comes from this source water  [90]. The EPA 
sets legal limits and develops specific regulations that madate periodic 
monitoring of water quality under Safe Drinking Water Act (SDWA) [91]. 
Considering water could undergo transformation within the various distribution 
system components, the EPA has developed specific regulations that mandate 
periodic monitoring of water quality within distribution systems [92]. In view 
of these points, analytical challenges derived for these requirements are evident. 
The existing analytical methods for measurements of ionic pollutants in water 
usually require preconcentration or pretreatment of samples to detect trace toxic 





to cross-contamination, labor intensive, require highly skill personnel,difficult 
to automate, less practical for routine analysis, and in the long run high 
laboratory costs to achieve the expected monitoring goals. Thus, analytical 
methods and systems which are more suitable to be used in extensive 
monitoring programs are needed. In addition, as the demand for surveillance 
monitoring and monitoring of hazardous pollutants at the point of interest 
increases, analytical methods that can be used for on-site and on-line water 
quality monitoring are needed. This will require further effort on sensor 
development.  In view of these points, researchers around the world, as well as 
EPA and EU, have been continuously participated in research to improve the 
existing methods as well as to develop relative cheap, greener, simple operation 
and more suitable new methodologies to solving environmental monitoring and 
measurement problems.  
1.5. Research scope 
 The main objective of this dissertation is to develop analytical methods 
for the determination of both cationic and anionic pollutants in environmental 
water. The motivation of our work is to fill-up some of the existing gaps in 
automated water quality control and also to fulfill the growing demands in on-
site and on-line monitoring of pollutants in water.  
 Among the ionic pollutants, heavy metal ions are very dangerous due to 
their toxic and accumulating nature. Besides of their high toxicity, the danger 
associated with heavy metal are due to  ubiquitous presence of these elements 
in the environment from both natural and anthropogenic sources. Therefore, 





determination are desired for quick and convenient monitoring of industrial 
wastewater, evaluation of drinking water and urgent assessment of well water 
in times of disaster. Thus, sensors appear to be a feasible approach for 
understanding its distribution and pollution in the environment. The high 
selectivity of functional nucleic acids toward specified metal ions makes them 
ideal recognition elements for metal detection. In view of this, DNA biosensors 
can be utilized for monitoring heavy metal concentrations in environmental 
samples.  
Water-soluble mercuric (Hg2+) ion is the most stable form of mercury 
which extensively distributed in atmosphere, soil and water. Considering the 
diverse sources of mercury and its high toxicity, highly sensitive and selective 
Hg2+ sensors are in high demand. In chapter 2, a Hg2+-dependent DNA-based 
fluorescent sensor was demonstrated for the detection of Hg2+. The performance 
of the sensor in the detection of Hg2+ was investigated. Considering the samples 
from different locations contain different levels of Hg2+, sensors with wide 
and/or tunable detection range are highly desirable to accommodate various 
detection criteria in different cases. In view of this, we demonstrated the ability 
of the sensor to vary the detection range and the mechanism was discussed. The 
selectivity of the sensor was investigated by evaluating its response to a number 
of potentially interfering metal ions. 
Lead (Pb2+) is considered an ubiquitous and major pollutant in the 
environment. It is defined as a human carcinogen by the US EPA. The invention 
of suitable sensors is of great interest as they offer exciting opportunities for in 





poisoning. In chapter 3, a DNAzyme-based sensor was demonstrated for Pb2+ 
detection. A sensitive and label-free technique, quartz crystal microbalance with 
dissipation monitoring (QCM-D), was used as signal transducer. To enhance 
the performance of the sensor, gold nanoparticles were used for signal 
amplification. The performance of the sensor on the detection of Pb2+ was 
investigated. The selectivity of the sensor was also examined by detecting 
several environmentally relevant metal ions. 
The presence of oxyhalides and HAAs in water is of great concern due 
to their adverse health effects. They are anionic compounds that formed during 
water disinfection. They are regulated and being measured on a regular base in 
a majority countries. Because they are typically present at µg/L, the existing 
methods for the measurement of these compounds usually required extraction 
and preconcentration and prior to analysis. Sometimes derivatization is required 
if they are measured by GC methods. Therefore, highly sensitive, simple,and 
automate new strategies without the need of sample pretreatment and 
derivatization are highly desirable in order to be more practical for routine 
monitoring and pollution control. A further aspect is also worthy of attention: 
the cotemporary chemistry tries to use environmentally friendly green 
approaches wherever possible. Therefore, the use of non-aqueous solvents 
should be suppressed as much as possible and the consumption of solutions and 
chemicals generally minimized. From the practical standpoint, the most 
important method of their determination at present is IC. In view of this, a highly 
sensitive two-dimensional matrix elimination IC method was demonstrated in 





influences of various parameters were investigated and the performance of this 


















Chapter 2: Detection of mercury ions using molecular beacon-
based fluorescent sensor with high sensitivity and tunable 
dynamic range 
2.1. Introduction 
Fluorescence is the emission of light from a substance that has excited 
to a higher electronic state following the absorption of energy (a photon) from 
light [93]. The fluorescence process is governed by three important events, all 
of which occur on timescales that are separated by several orders of magnitude 
(see Fig. 2.1). In brief, light is absorbed by molecules in about 10-15 seconds 
which causes electrons to become excited to a higher electronic state. In the next 
phase, some energy of excited state electrons is lost as heat through vibrational 
relaxation and internal conversion, returning the molecule to the lowest 
vibrational level of an excited singlet state. This process takes about one 
picoseconds (10-12 seconds). The electrons remain in the lowest vibrational level 
for a longer lifetime (10-9 seconds) due to relatively stable condition. From this 
excited singlet state, the electrons return to their ground state, either by emission 
of light (a photon) or by a non-radiative energy transition. The emitted light is 
called fluorescence. Since some energy is lost during this process, the emitted 
fluorescence light has lower energy than the absorbed radiation, and therefore 
emission occurs at a longer wavelength than absorption (see Fig.2.2). A 
molecule that has the ability to emit fluorescence is called fluorophore. The 
energy capture efficiency of a fluorophore is expressed as molar extinction 
coefficient, while the emission efficiency of a fluorophore is expressed as 





number of photons absorbed by a fluorophore [1]. Fluorophores typically 
contain several combined aromatic groups, or cyclic or planar molecules with 
several  bonds. Both absorption and emission energy are unique characteristics 
of a particular molecule during the fluorescence process, thus no two 
compounds have the same fluorescence signature [93]. It is this principle that 
makes fluometry a highly specific analytical technique and a valuable analytical 
tool for both quantitative and qualitative analysis.Nowadays, most fluorescence 
detection techniques are based on quenching of fluorescence by energy transfer 
from one fluorophore to another fluorophore or to a non-fluorescent molecule. 
Fluorescence detection has attracted a huge interest in sensor development 
because of its simple operation, short response time, low-cost, extraordinary 
sensitivity and highly specificity. In addition, with the introduction of various 
simple and relatively inexpensive labelling techniques, many molecules can be 
labelled with fluorophore, such as protein, enzyme and nucleic acid. This makes 
fluorescence well suited for many different types of sensing application. It is 
also easy to be miniaturized due to simple instrumentation needed, makes it a 
promising technique for in-field or on-site measurement.  
              
Fig. 2.1 Jablonski energy diagram.          Fig. 2.2 Excitation and emission 






Mercury ions are highly toxic environmental pollutants and have serious 
health effects. Mercury contamination originates from both natural and human 
activities such as volcanic eruption, mining and burning of fuels and waste [94-
96]. Water-soluble mercuric ion (Hg2+) is the most stable inorganic form of 
mercury which extensively distributed in atmosphere, soil and water [97]. 
Exposure even at low-level of Hg2+ can cause a number of severe health 
problems such as kidney damage, brain damage, and other chronic diseases [14, 
98, 99]. Considering the diverse sources of mercury and its high toxicity, highly 
sensitive and selective Hg2+ sensors are in high demand for understanding its 
distribution and pollution. 
It was previously reported by Ono & Togashi that Hg2+ can specifically 
bind to thymine-thymine (T-T) base pairs and mediates the formation of stable 
T-Hg2+-T complexes as shown in Fig. 2.3 [87]. In contrast, other metal ions do 
not show any notable binding effect. The chemical structure of the T-Hg2+-T 
complex has been examined with 1H NMR and 15 N NMR spectroscopy [100, 
101]. Since its discovery, several biosensors for the fluorescence determination 
of trace Hg2+ have been reported. The first T-T mismatch-based fluorescent 
sensor was developed by Ono & Togashi in which a single stranded T-rich DNA 
was labelled with a fluorophore and a quencher at the two ends, respectively 
[87]. In the presence of Hg2+, formation of T-Hg2+-T base pairs brought the two 
ends in close proximity, resulting in fluorescence decrease due to fluorescence 
quenching effect. This sensor had detection limit of 40 nM. Subsequently, 
several “turn-off” sensors were also reported [102]. These “turn-off” sensors are 
sensitive for Hg2+ detection, but they may give “false positive” results due to 





directed towards development of “turn-on” sensor. Lu and co-workers reported 
a turn-on sensor by introducing T-T mismatches in the stem of the uranium-
specific DNAzyme with signal amplification by Hg2+ through allosteric 
interactions [103]. This sensor is highly sensitive with detection limit of 2.4 nM 
but required the use of toxic uranium ions as cofactors. Some of the “turn-on” 
sensors are restricted to poor detection limits, which can hardly meet the 
maximum contamination level of Hg2+ defined by U.S. Environmental 
Protection Agency (EPA) and World Health Organization (WHO) [104]. 
Several label-free sensors which utilized intercalating dyes, such as TOTO-
3[105] and SYBR Green I [106, 107], as well as conjugated polymers [108] in 
the design were also reported. However, there is a dispute about the toxicity of 
some intercalation dyes because of their ability to intercalate into DNA strands. 
Besides, synthesis of some conjugated polymers could be quite tedious and the 
use of some chemicals may potentially be threats to the environment and human. 
Recently, some “turn-on” fluorescence sensors utilized nanomaterials, such as 
carbon nanotubes [109] and graphene oxide [110], to reduce background signal. 
However, improving the design of oligonucleotide probe is more cost-effective 
than utilizing nanomaterials as quenchers.  
 







Molecular beacons (MBs) are single stranded oligonucleotide probes 
that form a stem-and-loop structure, with a fluorescent and a quenching moiety 
attached to both ends. The stem hybrid brings the fluorophore and quencher in 
close proximity, allowing fluorescence quenching of fluorophore due to 
fluorescence resonance energy transfer (FRET) and static quenching [111, 112].  
FRET is a highly distance-dependent interaction between a fluorophore in an 
excited state and a quencher in its ground state [111]. In the process of FRET, 
energy is transferred from an energetically excited fluorophore (donor) to a 
nearby quencher molecule (acceptor) as shown in Fig. 2.4. As a result, the 
energy level of the fluorophore returns to the ground state without emitting 
fluorescence. There are few criteria that must be satisfied in order for efficient
FRET quenching to take place.Firstly, the donor and acceptor molecules must 
be close to each other. Typical effective distances between the donor and 
acceptor molecules are in the 10 to 100 Å range.This is roughly the distance 
between three to thirty nucleotides located in the double helix of a DNA 
molecule [112]. Secondly, the absorption spectrum of the acceptor must overlap 
with the emission spectrum of the donor. Thirdly, the transition dipole 
orientations of the donor and acceptor must be approximately parallel to each 
other. Fourthly, the fluorescence lifetime of the donor molecule must be of 
sufficient duration to allow the FRET to occur. The efficiency of the FRET 
(EFRET) is given as Equation 2.1. The efficiency of this energy transfer is 
inversely proportional to the sixth power of the distance between the donor and 
acceptor pair (r), making FRET extremely sensitive to small changes in distance 
[113]. Since the Förster distance depends on the spectral overlap integral (see 





emission and quencher absorption profile increases. Static quenching, which is 
also known as contact quenching, occurs through the formation of a non-
fluorescent complex between the donor and acceptor molecules. The formed 
complex is also known as ground-state complex. The quenching mechanism 
depends on the affinity of the donor and acceptor for each other. The donor and 
acceptor can bind together since they are often planar and hydrophobic 
molecules that stack together to avoid contact with water. The ground-state 
complex forms the excited-state energy levels of the donor and acceptor pair as 
shown in Fig. 2.5, giving it its own electronic properties,such as being non-
fluorescent and having a unique absorption spectrum [111]. When this complex 
absorbs energy from light, the excited state immediately returns to the ground 
state without emission of a photon and the molecules do not emit fluorescent 
light [112]. When static quenching occurs accompanies FRET quenching, the 
background fluorescence of MB is further suppressed because of more efficient 
quenching. The loop portion of the MB is a probe sequence, around 15 to 30 
nucleotides long, that is complementary to a target nucleic acid sequence.  When 
the loop portion of the MB binds to its target molecule, it can emit fluorescence 
with enhancement as high as 200-fold under optimized conditions [114]. 





                                        (2.2)    
where R0 is the Förster distance at which half of the excitation energy of donor 
is transferred to the acceptor, which is the efficiency of energy transfer is 50 %. 





donor fluorophore, J is the spectral overlap integral of the donor-acceptor pair, 
 is the dipole orientation factor,  is the refractive index of the medium and 
 is Avogadro’s number. 
 
Fig. 2.4 Jablonski diagram illustrating the FRET process. 
 
                              
                                                                
 
 
Fig. 2.5 Static quenching mechanism. The donor and acceptor molecules 
stacking produce ground-state complex. 
 
In this study, we combined the MB design and T-Hg2+-T coordination 
to develop a fluorescence sensor for Hg2+ detection in aqueous solution. 
Considering the samples from different locations contain different levels of 
Hg2+ ions, the development of a method with high sensitivity and wide detection 
range is desired to accommodate various detection criteria in different cases. 
Recently, a QCM-based sensor with a tunable detection range has been reported 





Xu and co-workers also demonstrated a colorimetric sensor for Hg2+ detection 
with a tunable detection range based on DNA oligonucleotides and unmodified 
gold nanoparticles as sensing system [116]. However, the sensitivity of the 
sensors was compromised when the dynamic range was extended. 
Since fluorescent sensors with a tunable detection range for Hg2+ 
detection have not been reported so far, it is of great interest to develop a 
fluorescent detection method with a convenient way of tuning the detection 
level while maintaining low detection limit. In this study, we aim to develop a 
MB fluorescent sensor with wide detection range and good sensitivity for Hg2+ 
detection. We also demonstrate a novel strategy for tuning the detection range 
and sensitivity of the sensor simply by controlling the number of T-T 
mismatches in the sensing system. This study opens a way to exploit molecular 
beacons for convenient quantification of Hg2+ ions involving different 
concentration ranges. 
2.2. Experimental 
2.2.1 Chemicals and materials 
Tris(hydroxymethyl)aminomethane (Tris), mercury dichloride (HgCl2) 
and other metal salts were purchased from Sigma-Aldrich. All chemicals were 
of analytical-reagent grade. Ultra-pure water at resistivity 18.2 M.cm was 
used in all preparations. All oligonucleotides used in the experiment were 
purchased from 1st Base Pte Ltd (Singapore) and HPLC-purified. The 
sequences of the MB and three mismatched target DNAs (T3, T5 and T7) were 





Table 2.1 Names and sequences of the oligonucleotides. Bold T represents 
mismatched thymine residues and underline region represents the loop of the 
MB. 
Name  Sequence 
MB 5’-TAMRA/CCTCAGGCTGCGTAGTTGTGCTGATGCTGAGG/BHQ2-3’ 
T3 5’-CATCTGCACTACTTCGCAGC-3’ (3 T-T mismatches) 
T5 5’-CTTCTGCACTACTTCGCTGC-3’ (5 T-T mismatches) 
T7 5’-CTTCTGCTCTTCTTCGCTGC-3’ (7 T-T mismatches) 
 
10 mM Tris buffer containing 50 mM NaCl and 5 mM MgCl2 at pH 8 
was prepared as working buffer, except for experiments involving MgCl2 salt 
optimization. DNA working solutions were prepared by dissolving the MB and 
mismatched target DNAs in the Tris buffer and further diluted in the buffer to 
100 nM and 5 µM, respectively. All DNA solutions were stored at 4 oC and 
restored to room temperature before use. 
2.2.2. Instrumentation 
Fluorescence measurements were recorded on a Horiba Jobin Yvon 
FluoroMax-4 compact spectrofluorometer in a quartz cuvette with 1-cm 
lightpath length at room temperature. The excitation wavelength was set at 550 
nm and the emission spectra were monitored.  
2.2.3. Detection of Hg2+ ions 
For the detection of Hg2+, 600 µL of 100 nM MB was mixed with 
mismatched target DNA in equal mole and then a small amount of concentrated 
Hg2+ solution was added. After a gentle mixing, the mixture was allowed to 
incubate for 30 min. Subsequently, the fluorescence emission spectrum was 





For the sensitivity study, different concentrations of Hg2+ were added 
and the fluorescence emission spectra were monitored. For the selectivity study, 
the detection of 1000 nM other metal ions was done as the same as Hg2+ 
detection. 
2.2.4. Hg2+ detection in lake water 
A lake water sample was collected from Little Guilin Lake in Bukit 
Gombak, Singapore, and filtered through 0.2 m membrane prior to analysis. 
These samples were spiked with different concentrations of Hg2+ and added 
with concentrated buffer to make the final solution containing 10 mM Tris, 50 
mM NaCl and 5 mM MgCl2. The spiked samples were then added into the 
mixture of MB and mismatched target DNA and incubated for 30min at room 
temperature. The fluorescence spectra were recorded as the same protocol as 
above. 
2.3. Results and Discussion 
2.3.1. Sensing strategy 
A MB probe was designed, comprising a stem of six base pairs and a 
loop of twenty bases as shown in Fig. 2.6 (A). The 5’- end of the MB was 
attached to a fluorophore unit tetramethylrhodamine (TAMRA), while the 3’- 
end was attached to a black hole quencher 2 (BHQ2). In the selection of 
fluorophore, an ideal fluorophore would have a high extinction coefficient and 
quantum yield close to unity [93]. However, other factors such as stability play 
a significant role too. TAMRA, a fluorophore with high extinction coefficient 





photostability and reasonable high quantum yield. It can also efficiently excited 
by the 543 nm spectral line of the green He-Ne laser, which is increasingly being 
used for analytical instrumentation [117]. 
Quenchers can be selected from a wide variety of compounds, many of 
which are also fluorescent dyes. For the selection of quencher to pair with 
TAMRA, BHQ2 was chosen as its absorption footprint coincides most closely 
with the emission wavelength of TAMRA at 578 nm as shown in Fig. 2.7. The 
most commonly used quencher, DABCYL, was not chosen because it showed 
limited efficiency to quench via FRET as it has an inadequate absorption 
spectral that overlaps very poorly with fluorophores emitting above 480 nm. 
However, the absorption spectral of BHQ2 dye is above DABCYL and directly 
superimposed with emission maxima of TAMRA, providing a significant 
increase in FRET quenching efficiency.  Besides being an efficient dark 
quenchers over the entire visible spectrum and into the near-IR, another 
advantage of using BHQ as quencher is that it returns to the ground state as heat 
rather than light, giving extremely low background fluorescence and enabling 








Fig. 2.6 (A) Sensing mechanism of the MB fluorescent sensor for Hg2+ detection. 
(B) Fluorescence emission spectra of the MB in buffer (I), MB with T5 in the 
absence (II) and presence of 300 nM Hg2+ ions (III). 
 
 







The detection strategy of the sensing system is schematically shown in 
Fig. 2.6 (A). Besides of MB probe, three mismatched target DNAs with varying 
number of mismatched thymine residues in the sequences were also designed. 
The essential idea of this method is to incorporate several T-T mismatched base 
pairs between the MB loop and the mismatched target DNA, such that the 
mismatched target DNA is unable to open the hairpin structure of the MB. The 
fluorescence of the fluorophore was initially quenched due to fluorescence 
energy transfer process. When Hg2+ ions were present, formation of T-Hg2+-T 
complex facilitated the hybridization of the MB with the mismatched target 
DNA. This will induce conformational change of the MB and the stem structure 
was lost, resulting in BHQ2 and TAMRA become separated by the full length 
of the probe (32 bases). As a result, quenching no longer occurred and 
fluorescence of the fluorophore was observed.  Based on this sensing strategy, 
the concentration of Hg2+ ions can be determined by monitoring the 
fluorescence enhancement of the TAMRA unit.  
The sensing mechanism of the sensor was characterized as shown in Fig. 
2.6 (B). Due to fluorescence energy transfer process, the fluorescence of the MB 
in buffer was very weak as indicated by curve I. Curve II revealed that there 
was no significant change in fluorescence intensity after the addition of 
mismatched target DNA, supporting the notion that mismatched target DNA did 
not hybridize effectively with the loop of the MB. Upon addition of Hg2+, a 
significant enhancement in fluorescence intensity was observed (curve III). To 
confirm the changes in fluorescence was due to the separation between the 
fluorophore and quencher, a control experiment was done by treating the MB 





very weak, indicating that the fluorescence enhancement in MB/mismatched 
target DNA solution in the presence of Hg2+ was due to separation between the 
fluorophore and quencher and not the changes in the dye itself. 
2.3.2. Optimization 
Previous studies have shown that divalent cations played an important 
role in facilitating the DNA hybridization reaction than monovalent cations 
[118]. Therefore, the salt concentration of MgCl2 used in the sensing system 
was optimized. As shown in Fig. 2.8 (A), adding of 5 mM MgCl2 resulted in a 
higher fluorescence enhancement and the relative reaction rate increased about 
three times compared with the condition without adding MgCl2 (data not 
shown). This could be explained by the reduction in electrostatic repulsion 
between the anionic backbones of MB and mismatched target DNA, thus 
facilitating the hybridization reaction [119]. The increase in hybridization rate 
after addition of MgCl2 is also consistent with similar observation found in 
previous studies [118].  When the concentration of MgCl2 is above 5 mM, there 
is little effect when higher concentration of MgCl2 is used. This could be due to 
the binding of MB to its target DNA becomes weaker when the salt 
concentration increases, leading to lower fluorescence intensity [120]. 
Therefore, the concentration of MgCl2 used in all subsequent experiments was 
5mM. The kinetic responses of the MB upon hybridization to mismatched target 
DNAs and Hg2+ ions were also investigated. The fluorescence of all three 
sensing systems reached a plateau within 30 min as shown in Fig. 2.8 (B). Thus, 
after addition of mismatched target DNA and Hg2+ ions to the MB, the mixture 






        
Fig. 2.8 (A) Effect of MgCl2 salt concentration on the MB/T5 binding in the 
presence of 100 nM Hg2+ ions. The buffer used was 10 mM Tris, including 50 
mM NaCl at pH 8. (B) Kinetic responses of the MB upon binding to T3, T5   
and T7, respectively, in the presence of Hg2+ ions. The buffer used was 10 mM 
Tris, including 50 mM NaCl and 5 mM MgCl2 at pH 8. 
 
2.3.3. Sensitivity and detection range 
Since mercury is widespread in the environment with different 
concentrations, different regulations have been set to control the contamination 
level of mercury in different environmental. For example, soils with mercury 
content greater than 750 nM is considered polluted and the maximum 
contamination level of Hg2+ defined by EPA and WHO in drinking water is 10 
nM and 5 nM, respectively, while for liquid industrial effluents is 50 nM 
according to EPA [121]. The Hg2+ level in sewage samples is even more diverse 
depending on the locations where the samples are collected. Therefore, sensors 
with wide and/or tunable detection range are highly desirable for practical 
applications. To achieve this aim, we investigated if controlling the number of 
T-T mismatches between the MB loop and mismatched target DNA could be 
used as a parameter to tune the detection range of the MB sensor for Hg2+ 
detection. To support our hypothesis, we designed three mismatched target 
DNAs with different number of mismatched thymine residues in the sequences. 






thymine residues in the sequence. On the same basis, more thymine bases were 
incorporated to T5 and T7 such that they have five and seven mismatched 
thymine residues in the sequences, respectively. The sensitivity, selectivity and 
assay region of each designed sensing systems were investigated. 
 
Fig. 2.9 Fluorescence emission spectra of MB/T3 sensing system treated with 
varying concentrations of Hg2+ ions (0, 25, 50, 75, 100, 200, 300, 400, 500, and 
600 nM). IF represents the fluorescence intensities in the presence of Hg2+ ions.  
 
Fig. 2.9 showed the fluorescence emission spectra of MB/T3 sensing 
system tested with different concentrations of Hg2+ ions under the optimal 
conditions. An obvious increase in the fluorescence intensity at 578 nm can be 
observed with the increase of Hg2+ ions concentration. The increase can be 
attributed to increasing amount of mismatched target DNAs bound with MB 
through the formation of T-Hg2+-T base pairs when more Hg2+ ions were present. 
Hence, more MBs tend to open up their hairpin structures. The calibration 
curves of the three sensing systems are shown in Fig 2.10. Similar trend was 
observed for T5 and T7, the fluorescence intensities increased with the increase 





the three sensing systems were tabulated in Table 2.2. Based on the results 
obtained, it can be seen that MB/T3 was very sensitive to the change of Hg2+ 
ions concentration even at very low concentration level. Compared to T3, 
MB/T5 sensing system showed higher detection limit, 3.8 nM, but wider 
dynamic range. As the limit of Hg2+ defined by the EPA in drinkable water is 
below 10 nM, both MB/T3 and MB/T5 sensing systems show sufficient 
sensitivity. Unlike T3 and T5, the calibration curve of T7 had a sigmoid shape 
with a weak fluorescence enhancement at low Hg2+ concentrations, suggesting 
T7 showed slow response to Hg2+ and less sensitive at low Hg2+ concentration. 
As a result, T7 showed the lowest sensitivity with detection limit 44.2 nM, but 
it gave the widest dynamic range 148-1800 nM. These results demonstrated that 
increasing the number of T-T mismatches in the sensing system may result in 
increase in assay region, but requires relatively higher concentrations of Hg2+ 
ions to induce binding of mismatched target DNA to the MB, thus resulting in 
lower sensitivity. 
 
Fig. 2.10 Plots of the fluorescence enhancement as a function of Hg2+ 






Table 2.2 The dynamic range and detection limit for MB/T3, MB/T5 and 
MB/T7 sensing systems, respectively. 
Sensing 
system Dynamic range (nM) 
Detection limit 
(nM) 
MB/T3 6 – 600 (R2 = 0.991) 1.9 
MB/T5 13 - 1200 (R2 = 0.994) 3.8 
MB/T7 148 - 1800 (R2 = 0.996) 44.2 
 
The results above demonstrated that the number of T-T mismatches 
between the MB loop and mismatched target could affect the binding capacity 
of the oligonucleotides toward Hg2+ ions, and hence affect the performance of 
the sensor. However, adding the number of T-T mismatches in the sequences, 
greatly enlarge the dynamic range of the assay but compromised the sensitivity. 
Considering the good sensitivity of T3 and wide assay region of T7, we 
investigated if mixing of different mismatched targets can enlarge the assay 
region and at the same time achieve good sensitivity. To support our hypothesis, 
T3, T5 and T7 were mixed at different ratios. Fig. 2.11 showed the calibration 
curves obtained for each sensing systems with mismatched targets mixed at 
different ratios. The results demonstrated that the idea of mixing different 
mismatched targets in the assay was workable for detection of Hg2+. The 
performance of the sensor was found to be improved with both good sensitivity 
and wide dynamic range achieved as shown in Table 2.3. When larger portion 
of T3 was incorporated into the sensing system, the sensitivity of the sensor was 
found to be improved and allowed the detection of Hg2+ at low concentration, 
while the sensor showed wider detection range when larger portion of T7 was 





lower detection limit (3.6 nM) with wider dynamic range (12–1400 nM) 
compared to using T5 alone. Similarly, mixing at ratio of 10:1:1 extended the 
dynamic range of T3 by more than 30 %. On the other hand, adding small 
portion of T3 and T5 to T7 (1:1:10) had greatly improved the sensitivity of the 
sensor with detection limit decreased from 44.2 nM to 9.5 nM, which is lower 
than EPA limit, while maintaining the dynamic range of the sensor when 
compared with using T7 alone as the mismatched target. Further addition of T3 
and T5 (1:1:4) had changed the sigmoid calibration curve of T7 to linear at low 
concentration range and lowered the detection limit by one order of magnitude. 
The satisfactory results obtained on mixing of different mismatched targets 
demonstrated the feasibility of this approach for detection of Hg2+ ions in wide 
concentration ranges with high sensitivity. The present method showed 
improvement in sensitivity compared with previously reported fluorescence 
sensors [87, 122-124]. Several tunable fluorescence sensors were also reported 
for the detection of Hg2+. Although the dynamic range of these sensors could be 
tuned, the sensitivity of the sensors was compromised when the dynamic range 
was enlarged.[115, 116] Our present work was different from others as both 
good sensitivity and wide dynamic range can be achieved without 
compromising the sensitivity. Table 2.4 compares our present approach with 
other optical methods for the detection of Hg2+ with respect to sensitivity, 







Fig. 2.11 Calibration curve of sensing systems with mismatched target T3, T5 
and T7 mixed at 10:1:1 , 1:1:1 , 1:1:4  and 1:1:10 . 
 
Table 2.3 The dynamic range and detection limit for each sensing systems 
with mismatched targets mixed at different ratios. 
Ratio 
(T3:T5:T7) Dynamic range (nM) 
Detection limit 
(nM) 
10:1:1 7 - 800 (R2 = 0.998) 2.2 
1:1:1 12 - 1400 (R2 = 0.997) 3.6 
1:1:4 15 – 1600 (R2 = 0.998) 4.6 
1:1:10 32 - 1800 (R2 = 0.997) 9.5 
 
Our study demonstrated that controlling the number of T-T mismatches 
in between the MB loop and mismatched target DNA can be used as a parameter 
to tune the detection range for Hg2+ ions detection. We also found a more 
effective way for tuning the performance of sensor which has not been reported 
that is by mixing of different DNA targets which contain different number of T-






detection range can be tuned over several orders of magnitude simply by 
changing the target DNA solution while other procedures remained the same. 
This method also requires no synthesis process, and uses only commercially 
available materials. This simple “mix-and-detect” convenient strategy could be 
promising for microwell plate based assays in which different sensing systems 
can be employed in the microwell plate to achieve simultaneous detection on 
different samples. By rationally controlling the number of T-T mismatches in 
the sensing system, the detection range of the sensor can be extended from sub-
ppb to ppm level. This approach is potentially useful for on-site detection in 
environmental applications involving different concentration ranges such as for 












Table 2.4 Summary of optical Hg2+ sensors operated in aqueous media. 
Probe LOD LOQ Operation  Working mode Time interval Ref. 
Fluorescein-DNA-DABCYL 40 nM 40 – 100 nM Simple  Turn-off - [87] 
Fluorescein-DNA 20 nM 0 – 1.0 M Simple  Turn-off 24 hr [102] 
FAM-DNAzyme-Quencher, UO22+ 2.4 nM - Complex Turn-on - [103] 
DNA, TOTO-3 3.0 nM 10-200 nM Simple Turn-on 15 min [105] 
DNA, Sybr Green I 1.33 nM 0-66.43 nM Simple Turn-on - [106] 
DNA, Sybr Green I 0.5 nM 0.3-2 nM Complex  Turn-off 15 min [107] 
DNA, polymers 42 nM 0-667 nM Simple  Turn-on - [108] 
FAM-DNA, carbon nanotubes 14.5 nM 0.05-8.0 M Simple  Turn-on 20 min [109] 
FAM-DNA-DABCYL 2.5 nM 10-400 nM Simple Turn-on 50 min [122] 
FAM-DNA-DABCYL 10 nM 20-500 nM Simple Turn-on 15 min [123] 
DNA-AuNPs, OliGreen 25 nM 50-2500 nM Complex  Turn-on 1hr 10min [124] 
DNA, Quantum dots 10 nM - Simple  Turn-off 24 min [125] 
TAMRA-DNA-BHQ2 (10:1:1) 2.2 nM 7 – 800 nM Simple Turn-on 30 min This study 






2.3.4. Interaction of MB with mismatched targets in the presence of Hg2+ 
The MB and mismatched target DNA have several binding sites to bind 
with Hg2+ ions. For example, MB/T5 has 5 binding sites for Hg2+ to bind.  From 
the calibration results, it can be observed that the calibration curves are not 
perfectly linear, suggesting that he binding of Hg2+ ions with MB and 
mismatched target DNAs shows a cooperative behavior [35]. The specific 
binding interaction between Hg2+ ions and the MB and mismatched target DNA 
can be expressed as follow: 




                                   (2.3) 
In biochemistry, cooperative binding is most often observed as the 
binding of a ligand to a macromolecule is often enhanced if there are already 
other ligands present on the same macromolecule. The degree of cooperativity 
or the number of ligand molecules that are required to bind to a receptor to 
produce a functional effect can be characterized by the Hill coefficient (n) [126]. 
The Hill equation has the following expression: 




                                              (2.4) 
where  is the fraction of the ligand-binding sites on the receptor which are 
occupied by the ligand. +  denotes ligand concentration and   denotes 
apparent dissociation constant derived from the law of mass action (equilibrium 






ligands. In the experiment, the Hill coefficients of Hg2+ for MB/T3, MB/T5 and 
MB/T7 sensing systems were obtained through fitting each of the calibration 
curves to a Hill plot using Origin Software. The Hill coefficients of T3, T5 and 
T7 were determined to be 1.2, 1.3 and 2.2, respectively, suggesting T3 required 
lesser amount of Hg2+ ions to mediate the binding with MB, while T5 and T7 
required relatively larger amount of Hg2+ ions. This explained the observation 
why the three sensing systems, MB/T3, MB/T5 and MB/T7, showed different 
degrees of fluorescence enhancement when treated with the same concentration 
of Hg2+ ions. As suggested by the Hill equation, the dissociation constant and 
degree of cooperativity are affected by number of binding sites. Thus, T3, T5 
and T7 have different binding responses with the MB and could not form 
equivalent number of duplexes when treated with same amount of Hg2+ ions.   
When T3, T5 and T7 are mixed together, it is believed that they are 
competing to bind with MB in the presence of Hg2+. Comparing the calibration 
curve of MB/T7 and 1:1:10 (T3:T5:T7), the sensor with mismatched target ratio 
of 1:1:10 showed greater response at low concentration region if compared with 
T7 alone. This could be attributed to T3 dominates duplex formation with MB 
at low Hg2+ concentration, resulting in a perceptible increase in fluorescence 
intensity. As suggested by the Hill coefficient, T3 required lesser amount of 
Hg2+ ions to mediate the binding with MB. The kinetic results also suggested 
that the rate of hybridization between the MB and T3 was faster than with T5 
and T7 as the kinetic response curve of T3 showed larger gradient.  Therefore, 
in the mixture of T3, T5 and T7, the tendency for T3 to bind with MB at low 
Hg2+ concentration was higher than T5 and T7. Due to ease of hybridization of 







sensing system at low concentration region can be improved significantly as 
compared with MB/T7 sensing system. 
2.3.5. Selectivity for Hg2+ 
To determine the selectivity of the sensor, 1 M of each interference 
metal ions (Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Mg2+, Ni2+, Pb2+, Zn2+) were added 
individually to the three sensing systems and the fluorescence emission spectra 
were monitored. The results were then compared with 100 nM of Hg2+.  Fig. 
2.12 (A) showed the selectivity results of MB/T3 sensing system. Among the 
metal ions tested, only Hg2+ showed significant fluorescence increase. Similar 
results were observed on MB/T5 and MB/T7 sensing systems as shown in Fig. 
2.12 (B) and (C). The results illustrated that Cd2+ and Pb2+ showed slight 
responses with the sensor. This is consistent with the previous reports that Cd2+ 
and Pb2+ can interfere with Hg2+ [127]. However, their fluorescence 
enhancements were very little even though the concentrations were about 10 
times higher than Hg2+. These results indicated that this sensor was not only 
insensitive to other metal ions, but highly selective toward Hg2+. We also found 
that the selectivity of the sensor was not influenced by the number of T-T 










Fig. 2.12 Selectivity of the MB sensor for Hg2+ detection using (A) MB/T3, (B) 
MB/T5 and (C) MB/T7 sensing systems. Black bars represent the fluorescence 
enhancement of the sensing systems in the presence of 100 nM of Hg2+ and 1000 
nM of other metal ions. Grey bars represent the fluorescence enhancement of 
the sensing system in the presence of 100 nM of Hg2+ together with 1000 nM 










2.3.6. Detection of Hg2+ ions in real samples 
In order to demonstrate the practical application of the proposed sensor, 
we tested the sensor with lake water samples. The collected lake water samples 
were spiked with different concentration of Hg2+ ions and analyzed by the three 
sensing systems. Interestingly, the fluorescence enhancement of the spiked 
samples was similar to the corresponding fluorescence enhancement observed 
for the sensor in pure water. The results obtained were listed in Table 2.5.  The 
found concentrations showed good agreement with the spiked value with 
recovery above 95% and variation below 5%. These results demonstrated that 
the sensors with different mismatched target DNAs were able to detect Hg2+ 
ions in real water samples. 






Hg2+ concentration (nM) 
Added Measured (mean ±SD) Recovery (%) 
MB/T3 Sample 1 25 23.9 ± 0.8 95.6 
Sample 2 50 49.8 ± 3.0 99.6 
MB/T5 Sample 3 25 23.9 ± 1.2 95.6 
Sample 4 200 197.4 ± 8.0 98.7 
MB/T7 Sample 5 75 75.6 ± 0.7 100.8 
Sample 6 400 391.3 ± 4.7 97.8 
1:1:10 Sample 7 100 100.1 ± 3.0 100.1 









2.4. Concluding Remarks 
We have developed highly sensitive and selective MB-based sensors 
with a tunable detection range for detection of Hg2+ ions. The detection limit 
and detection range of the sensor were controlled by the number of mismatched 
thymine residues in the target DNAs. The lowest detection limit of 1.9 nM was 
obtained with T3 assay. With increasing number of T-T mismatches, the sensor 
showed wider dynamic range but compromised sensitivity. The performance of 
sensor was improved by mixing of different mismatched targets in the assay. 
The results demonstrated good correlation to Hg2+ in the concentration range of 
three orders of magnitude with detection limit below 10 nM. The sensors were 
all inert to competitive metal ions even in much higher concentrations. The 
ability to vary the detection range without the need to develop new sensors 
extends the application of the MB sensors in Hg2+ detection by allowing 
quantification of Hg2+ in samples involving different concentration ranges. The 
satisfactory results obtained on the analysis of lake water demonstrated the 
feasibility of this approach for on-site and real-time detection of Hg2+ in 










Chapter 3: Highly sensitive and selective detection of Pb2+ ions 
using a novel and simple DNAzyme-based quartz crystal 
microbalance with dissipation biosensor 
3.1. Introduction 
Lead (Pb2+) is considered an ubiquitous and major pollutant in the 
environment. The U.S. Environmental Protection Agency (EPA) has defined 
Pb2+ as a group B2 human carcinogen. Being exposed to high level of Pb2+ can 
cause serious health effects [128]. Therefore, the determination of lead in the 
environment has been of great concern in the past and remains an issue today. 
As such, invention of suitable sensors is of great interest as they offer exciting 
opportunities for in situ and real-time detection without exposing the operator 
with the risk of metal poisoning. 
Various chemosensors and biosensors have been developed for the 
specific detection of Pb2+ ions using a variety of recognition elements, such as 
proteins [129], nucleic acids [71, 130], peptides [131], and small ligands [132]. 
Among these recognition elements, DNAzymes have been extensively studied 
and have attracted wide interest due to their numerous advantages as mentioned 
in Chapter 1 [67]. The first discovered DNAzyme was demonstrated for Pb2+ 
by Breaker and Joyce in 1994 [133]. They found that a specific DNA sequence 
catalyzes cleavage of an RNA phosphodiester linkage in the presence of Pb2+ 
ions. Since that first report, many DNAzymes have been identified in the 
subsequent years and more DNAzymes specific for Pb2+ were reported as well. 





various signal transduction mechanisms to detect a wide range of metal ions 
with high selectivity and sensitivity [71, 87, 134-137]. One of the most effective 
and widely used Pb2+-dependent DNAzymes is the 8-17 DNAzyme reported by 
Li and Lu [71]. This DNAzyme may induce RNA substrate cleavage in the 
presence of Pb2+ ions. The substrate cleavage chemistry is based on attacking 
of 2’-hydroxyl group on the adjacent phosphodiester linkage between the 
ribonucleic adenine (rA) and the deoxyribonucleic guanine (G) when a lead ion 
is fitted into the highly conserved catalytic core of this DNAzyme as shown in 
Fig. 3.1. Several sensors based on this DNAzyme as a recognition probe have 
been developed. For examples, Lu and co-workers reported a beacon sensor 
with the DNAzyme and substrate strands labeled with quencher and fluorophore. 
In the presence of Pb2+ ions, the annealed substrate was cleaved into two pieces, 
separating the fluorophore and quencher [71]. To improve the sensitivity of this 
sensor, in a later piece of work an additional quencher was added at the other 
end of the substrate to lower the background fluorescence [138]. Besides of 
fluorescence method, Lu and co-workers reported a colorimetric DNAzyme-
based biosensor for Pb2+ that used DNA-functionalized gold nanoparticles 
(AuNPs) [139]. The DNA-functionalized AuNPs were hybridized with the 
substrate strand of the DNAzyme; the resulting AuNP aggregates appeared blue. 
Upon heating to 50oC, the DNAyzme and AuNPs disassembled, producing a 
red color. In the absence of Pb2+ ions, the DNAyzme and AuNPs assembly were 
reformed by the subsequent cooling process, producing a blue color. However, 
Pb2+ ions induced the cleavage of substrate strands and prohibited the complex’s 
reassembly, resulting in red color. This sensor has a detection limit of 100 nM, 





electrochemical biosensor was also reported in which the DNAzymes were 
labeled with the redox-active compound methylene blue and immobilized on a 
gold electrode via thiol-gold interaction [140]. The DNAzyme was then 
hybridized with its substrate strand which prohibited any contact between the 
electrode and methylene blue. In the presence of Pb2+ ions, the substrate was 
cleaved and released from the electrode surface. Such release made the enzyme 
strand more flexible and facilitated the electrochemical communication between 
the electrode and the redox label, resulting in an electrochemical signal 
proportional to the concentration of Pb2+ present. This sensor had a detection 
limit of 300 nM and was successfully used to detect Pb2+ ions in soil samples.  
Although it is selective for Pb2+, the 8-17 DNAzyme is still active in the 
presence of Mg2+, Zn2+, Mn2+, Co2+, and Ca2+. Recently, Lu and co-workers 
found that a classic DNAzyme, which is called GR-5, is more selective for Pb2+ 
than the 8-17 DNAzyme is [141]. They found that Zn2+ showed the most active 
interfering metal ions, and although the 8-17DNAzyme offers ~ 160-fold 
selectivity for Pb2+ over Zn2+, the GR-5 DNAzyme is ~ 40,000 times more 
selective for Pb2+ than Zn2+. Similar to 8-17 DNAzyme, GR-5 DNAzyme also 
catalyzed RNA cleavage in the presence of Pb2+ as illustrated in Fig. 3.1. Since 
its discovery, only a fluorescent sensor has been recently developed based on 
the GR-5 DNAzyme, with the use of graphene for signal amplification [142]. 
Most of the sensors discussed above operate in the solution phase. Surface 
immobilization provides an alternative strategy for sensor design. It offers the 
possibility for sensor reuse and surface immobilization can help to stabilize 








Fig. 3.1 (A) The secondary structure of the 8-17 DNAzyme. (B) RNA cleavage 
catalyzed by DNAzymes by attack of a 2’-hydroxyl at the adjacent 
phosphodiester linkage. Reproduced with permission from reference [143]. 
 
Quartz crystal microbalance (QCM) has been extensively investigated 
as a transducer for heavy metals detection in aqueous media. The QCM is a 
nanogram sensitive technique that utilizes acoustic waves generated by 
oscillating a piezoelectric, single crystal quartz plate to measure mass [144]. 
The basic of QCM operation is based on the piezoelectric properties of quartz 
crystals. It became widely used as mass sensing device only after the theory and 
experiments relating a frequency change of the oscillating crystal to the mass 
adsorbed on the surface was demonstrated by Sauerbrey in 1959 [145]. The 
change in resonant frequency is proportional to the mass of absorbed material 
on the sensing area. This linear relationship between frequency change (ƒ) and 
mass absorbed (m) is given by: 
                                                     m = 
C
n







where n is the harmonic number and C is the so-called mass sensitivity of the 
QCM  
                                                     C= 
tqq
f0
                                                 (3.2) 
with tq denotes the thickness of quartz,  f0 denotes resonant frequency, and q is 
the density of quartz and equal 17.7 Hz ng/cm2 for a 5-MHz crystal. For the 
Sauerbrey relationship to hold, there are three assumptions that must be fulfilled. 
First, the adsorbed mass must be small compared to the mass of the quartz 
crystal; second, the mass adsorbed is evenly distributed over the active area of 
the crystal; and third, the mass adsorbed is rigidly adsorbed [144]. The QCM is 
a cost effective, simple, high-resolution mass sensing technique. It also 
eliminates the need for any specific labelling step to be part of the signal 
transduction mechanism. The technique is capable of detecting subtle changes 
in the solution, which offers opportunities for on-line analysis and 
quantification of target molecule. Since the surface of quartz crystal electrode 
can be modified with various receptor films, it is capable to cover a wide range 
of application. Recently, a few QCM sensors have been developed for detection 
of Hg2+ using thymine-rich oligonucleotides as sensing probe [115, 146]. A 
polymer-grafted QCM chemosensor was also developed for heavy metal ions, 
such as Pb2+, Cu2+, Cr3+, and Cd2+ [147]. However, the selectivity of this sensor 
was poor. To the best of our knowledge, QCM sensors based on Pb2+-dependent 
DNAzymes have not been reported so far.   
QCM with dissipation monitoring (QCM-D) is a relatively new and 





addition to the traditional mass change information, it also provides dissipation 
(D) change information [148]. Dissipation occurs when the driving voltage to 
the crystal is shut off and the energy from the oscillating crystal dissipates from 
the system. The D factor is defined by 
                                                D=Elost /2Estored                                   (3.3) 
where Elost is the energy dissipated during one period of oscillation, and Estored 
is the energy stored in the oscillating system [144]. The viscoelastic data allows 
broader characterization of systems that fall outside of the scope of the linear 
Sauerbrey relationship between ƒ and m and makes QCM-D more than a 
simple mass sensing device. It provides insight into structural changes by 
monitoring the stiffness of the adsorbed film.  In addition, associated solvent or 
water content of adsorbed films can also be measured [144]. There have been 
relatively few efforts made to adapt QCM-D to biosensor development, 
especially for metal  ions detection [115]. Therefore, in this work, a DNAzyme-
based QCM-D sensor will be developed for the detection of Pb2+ ions. The GR-
5 DNAzyme will be used as a recognition probe for this proposed sensor due to 
its high sensitivity and selectivity.  
3.2. Experimental 
3.2.1. Chemicals and materials 
All oligonucleotides were purchased from Integrated DNA 







TATAGTGA-3’, and the substrate sequence was 5’-HS-(CH2)6 –TTTTTTT 
TTTTTTCACTATrAGGAAGAGATGATGT-3’. 
Sodium citrate, hydrogen tetrachloroaurate (HAuCl4	4H2O), HEPES, 
potassium phosphate monobasic, potassium phosphate dibasic, tris(2-
carboxyethyl)phosphine (TCEP), 6-mercaptohexanol (MCH), lead nitrate 
(Pb(NO3)2) and other metal salts were purchased from Sigma-Aldrich (St. Louis, 
MO. USA). All chemicals were of analytical-reagent grade. Ultra-pure water at 
resistivity 18.2 M.cm was used in the experiment.  
3.2.2. Preparation of Au-nanoparticles (AuNPs) and substrate-
functionalized AuNPs 
AuNPs were synthesized by the citrate reduction of HAuCl4. The 100 
mL 0.01% HAuCl4 solution was heated to 100oC for 20 min. Subsequently, 2 
mL 0.1 M sodium citrate was added and the solution was stirred rapidly and 
kept boiling. After the color change, the solution was stirred for additional 30 
min, allowed to cool to room temperature and stored at 4oC before use. The 
average diameter of the gold nanoparticles was confirmed by performing 
transmission electron microscopy (TEM) with JEOL JSM-6701F. 
Substrate-functionalized gold nanoparticles (S-AuNPs) were prepared 
according to the literature procedures, with some modification [149]. The thiol-
modified substrates (0.4 M, 100-fold molar excess) were mixed with 1mL of 
synthesized AuNPs (
 4 nM) after pretreatment with TCEP for 30 min at room 
temperature. After 16 hr, the solution was added with concentrated NaCl and 





phosphate (pH 7.4) and allowed to stand for another 40 hr to increase the density 
of the substrates immobilized on the AuNPs. Subsequently, the solution was 
centrifuged at 14 000 rpm for 30 min to remove the excess free substrates. The 
red oily precipitate was washed and recentrifuged three times with working 
buffer (25 mM HEPES including 100 mM NaCl, pH 7.4) and redispersed in 1 
mL of working buffer. The AuNPs were scanned using UV-visible absorption 
spectrometry to characterize their change in properties before and after 
modification by the substrate strands. 
3.2.3. Sensor fabrication and QCM-D detection procedure 
QCM-D experiments were performed using a Q-Sense E4 QCM-D 
instrument (Q-Sense AB, Västra Frölunda, Sweden) with 5 MHz AT-cut gold-
coated quartz crystal. The sensors were prepared offline, and the detection 
procedure was monitored on-line in the flow-through model. Prior to 
modification, the quartz crystal was cleaned with a heated solution (30 % 
hydrogen peroxide, 28 % ammonia, and deionized water in a volume ratio of 
1:1:5) for 5 min, then rinsed thoroughly with deionized water and dried by 
nitrogen gas. The DNAzyme solution with the final concentration of 0.5, 1 or 2 
µM was added into 20 mM phosphate buffer (pH 7.4) containing TCEP and the 
buffered DNAzyme solution was then incubated on the cleaned gold surface for 
2 hr at room temperature, in order to allow self-assembly of a DNA monolayer 
on the gold surface. TCEP was added to reduce disulfide bonds. The surface 
was then soaked in 1mM ethanoic MCH for 1 hr. Subsequently, the DNAzyme 





10 min and allowed to cool slowly to room temperature over 2.5 hr. The sensor 
was dried and placed into flow cell.  
Prior to using the prepared sensor for Pb2+ ions sensing, it was allowed 
to incubate in working buffer for 1 hr at 37 oC in the flow cell to remove any 
physisorbed substrate strands. After equilibration with working buffer, the 
sensor surface was allowed to react with various concentrations of Pb2+ ions in 
working buffer for 40 min, after which the flow was switched back to the 
working buffer. The entire detection procedure was performed at 37 oC with a 
flow rate of 120 L/min, and both the frequency and dissipation measurements 
were recorded. The selectivity of this sensing system was also evaluated by 
measuring the frequency response of the system towards other common metal 
ions. 
3.2.4. Characterization of QCM-D surface 
During the modification procedures, the QCM-D sensor surface was 
characterized using cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS). The CV and EIS measurements were performed using an 
Ivium Potentiostat. An Au electrode, Pt wire and Ag/AgCl (1M KCl) electrode 
were used as the working electrode, counter electrode and a reference electrode, 
respectively. The CV and impedance spectra were recorded in working buffer 
25 mM HEPES including 100 mM NaCl in the presence of 10 mM K3Fe(CN)6 
and 10 mM K4Fe(CN)6. The CV spectra were recorded by scan rate of 50 mV/s. 
The impedance spectra were recorded in the frequency range from 100 mHz to 





3.2.5. Analysis of tap water sample 
 The practicality of the proposed method was evaluated by analyzing tap 
water. Concentrated buffer was added to collected tap water samples to result 
in final concentrations of 25 mM HEPES including 100 mM NaCl. 
Subsequently, the tap water samples were spiked with different concentrations 
of Pb2+ ions. These samples were then analyzed by QCM-D using the above 
described method. The samples were also analyzed by ICP-MS to assess the 
accuracy of the proposed method.  
3.3. Results and discussion 
3.3.1. The immobilization of DNAzyme on sensor surface 
 It is well known that the self-assembly monolayer (SAM) technique can 
provide an ultrathin and well-ordered layer suitable for further biomolecules 
modification, such as DNA probe and antibodies. In this work, the GR-5 
DNAzyme was modified with a thiol group at its 5’- end to facilitate its 
immobilization on the gold surface of the sensor through self-assembly via Au-
S bond formation. To achieve better sensor performance, the DNAzyme probe 
concentration was optimized to ensure optimum surface coverage of probe. The 
concentration of thiol DNA probes required for modifying the gold surface was 
reported to be at the µM level [150]; hence the modification effect of different 
concentrations of DNAzyme (0.5, 1, and 2 µM) was studied as shown in Fig. 
3.2. With increasing amount of DNAzymes bound to the sensor surface, the 
frequency change increased as more substrate strands were hybridized with 





after the concentration of DNAzyme increase to 2 µM. This was attributed to 
too large a density of DNA probes on the sensor surface was not beneficial for 
hybridization with the target sequence due to steric hindrance [151], resulting 
in decrease in sensor performance. Therefore, 1 µM DNAzyme was chosen as 
the optimum condition for sensor fabrication according to the result. 
 
Fig. 3.2 The frequency response of 500 nM of Pb2+ ions with different 
concentration of DNAzyme probe on the sensor surface. The surface density of 
the sensor was controlled by changing the concentration of DNAzyme from 0.5 
to 2 M.  
 
3.3.2. Sensor fabrication and design strategy  
Two DNA strands are used in the sensor fabrication, GR-5 DNAzyme 
and substrate, as shown in Fig. 3.3. Since the mass of DNA is quite light if 
compared to bacteria and proteins, the mass change arises from the substrate 
cleavage in the presence of Pb2+ ions is negligible. Therefore, signal 
amplification is required to improve the sensitivity of the sensor. Gold 
nanoparticles have been widely used in various biosensors for signal 
amplification due to their desirable biocompatibility properties. In this project, 





The 5’- end of the substrate was extended and modified with a thiol group to 
bind to the AuNPs. AuNPs were prepared by citrate reduction of HAuCl4. As 
shown in Fig. 3.4 (A), the TEM image showed that the prepared AuNPs 
presented the well monodisperse characteristic. The shapes of AuNPs were 
approximate sphericity, and the average diameter was around 14 ± 1 nm. The 
UV-vis absorption peak of the AuNPs experienced slight red shift after 
modification with substrates as illustrated in Fig. 3.4 (B), indicating the 
successful conjugation of substrates to AuNPs.  
 
 
Fig. 3.3 Schematic of the fabrication of QCM-D biosensor for the detection of 







                 
Fig. 3.4 (A) TEM image of AuNPs and (B) UV-Vis absorption spectra of 
AuNPs before (a) and after (b) immobilization with thiol-substrate.  
 
The rationale of the AuNPs-enhanced QCM-D sensor for Pb2+ is shown 
in Fig. 3.3. GR5-E was first immobilized onto QCM-D sensor and the surface 
was then backfilled with blocking agent, MCH. Due to the propensity of Lewis 
bases, especially nitrogen-based moieties, to chemisorb to Au, bases along the 
DNA backbone can interact with the surface [152]. The process of soaking in 
MCH after formation of the DNAzyme SAM can effectively displacing N-Au 
bonds, leaving DNAzyme bound only at the thiol headgroup. In addition, this 
increases the average distance between adjacent DNA molecules, thus the 
surface-bound DNAzyme probes are accessible for specific hybridization with 
substrate strands. The mixed monolayers were also found to be stable and good 
reversibility and selectivity for surface hybridization reactions [153]. The 
resulting DNAzyme monolayer was then hybridized with S-AuNPs. Each step 
in the above procedures was characterized by CV and EIS. As shown in Fig. 
3.5, the peak potential separation and Nyquist diameter increase gradually after 
modification with DNAzymes, MCH, and S-AuNPs. The results imply that the 






surface is becoming difficult, indicating the successful modification of 
DNAzyme and S-AuNPs onto the QCM-D sensor.  
 
 
Fig. 3.5 Characterization of the QCM-D surface during sensor fabrication by 
(A) CV and (B) EIS. Conditions: working buffer 25 mM HEPES including 100 
mM NaCl in the presence of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6, CV: 
scan rate 50 mV/s, EIS: applying 5 mV alternative voltage in the frequency 
range of 100 mHz to 100 kHz. (a) bare gold; (b) after immobilization of GR5-
E; (c) after backfilled with MCH; (d) after hybridization with substrate-
functionalized AuNPs.  
 
In the absence of Pb2+, the substrates stayed intact and the entire strands 
and AuNPs remained on the sensor surface; hence no change in frequency and 
dissipation can be observed (upper route in Fig.3.3B). In the presence of Pb2+, 
the substrates will undergo cleavage at rA position, causing the AuNPs attached 







in the number of AuNPs on sensor surface resulted in an increase in frequency 
signal and decrease in dissipation factor (bottom route in Fig. 3.3B). The 
increase in frequency is due to huge mass loss of S-AuNPs from the sensor 
surface, while the decrease in dissipation is due to the release of “soft” substrate 
chains conjugated on AuNPs and the large coupled of water molecules that 
trapped in between the oligonucleotide chains. Since the amount of substrate 
cleavage relies on the concentration of Pb2+ ions, it is possible to determine the 
concentration of Pb2+ ions in the solution by monitoring the frequency and 
dissipation changes of the QCM-D sensor. In order to confirm that the changes 
in frequency and dissipation resulted from substrates cleavage, SEM images of 
the sensor surface before and after reaction with Pb2+ were compared. As shown 
in Fig. 3.6, the number of AuNPs on the sensor surface was decreased after 
reaction with Pb2+ ions, which was in accordance with the proposed principle. 
The uniform distribution of AuNPs on the sensor surface also indicated the 
AuNPs were well-confined on the sensor surface without evident of aggregation. 
      
Fig. 3.6 SEM topographic images on QCM-D sensor before (A) and after (B) 









3.3.3. The performance of the DNAzyme-QCM-D sensor for Pb2+ detection 
To study the performance of the proposed sensor, the sensors were 
treated with Pb2+ at different concentrations. The Pb2+ solutions were allowed 
to flow through the surface of the prepared sensors on the QCM-D instrument, 
and the frequency and dissipation changes were monitored on-line. Based on 
the response profile obtained, it is apparent that longer flow through time of the 
Pb2+ solution on the sensor surface may result in greater frequency and 
dissipation response as more substrates are cleaved. Hence, in this experiment, 
the Pb2+ solution was allowed to flow through the sensor surface for 40 min in 
order to achieve enough sensitivity within a certain period of time. Fig. 3.7A 
shows the frequency change upon detection with the Pb2+ concentration ranging 
from 0 to 3000 nM. The frequency change increased gradually with increasing 
Pb2+ concentration as an increasing number of substrates were cleaved by 
DNAzymes; this result is in accordance with the principle of the method. A 
linear relationship between frequency change and Pb2+ concentration was 
obtained from 46 - 3000 nM (R2 = 0.997). The frequency response reached 
saturation at concentration above 3000 nM as most of the substrates on the 
sensor were cleaved. The detection limit of the sensor was determined to be 14 
nM based on 3/slope, which is lower than the EPA defined toxicity level of 
Pb2+ ions in drinking water (72 nM); this detection limit is either comparable or 
better than previously reported Pb2+ sensors [71, 140, 147, 154-158]. Similar to 
the frequency response, an obvious increase in dissipation change was observed 
with increasing Pb2+ concentration as the sensor surface became more “rigid” 
after the removal of the substrate of “soft” nature conjugated on AuNPs (Fig. 






ions in the range of 66- 3000 nM (R2= 0.994) with a detection limit of 20 nM. 
Herein, the dissipation change that resulted from the oligonucleotide-
functionalized AuNPs was investigated to provide a novel and alternative 
quantification parameter for the development of oligonucleotide sensors. 
Compared to dissipation, the frequency response gives better sensitivity and 
reproducibility. Although the sensitivity of dissipation is relatively low, it can 
serve as a complementary method to support the accuracy of the frequency 
results by providing viscoelastic information about the sensor surface. This is 
rather important in the analysis of real water samples containing complex 
matrices as many external factors could give rise to false positive results. The 
use of dual-signal measurement could help confirm that the responses indeed 
arise from Pb2+ ions, eliminating the possibility of false-positives. Meanwhile, 
in the control experiment, no evident changes in frequency and dissipation were 
observed in the absence of Pb2+ ions (curve of 0 nM). This result further 















Fig. 3.7 On-line frequency (f) (A) and dissipation (D) (B) responses of the 
QCM-D biosensor for Pb2+ detection at concentrations 0, 100, 200, 500, 1000, 
2000 and 3000 nM. Insets: the linear relationships between the frequency 
change and dissipation change against Pb2+ concentrations. Error bars are 









Table 3.1 compares our present approach with other reported sensor for 
the detection of Pb2+ with respect to sensitivity, detection range and time 
interval for analysis. The detection limit of our present work is either 
comparable or better than the previously reported sensors. Although it takes 
slightly longer detection time compare to some solution-based fluorescence 
approaches, the DNAzyme probe of our approach does not require fluorophore 
labelling. Besides, many reported immobilized sensors suffer from time-
consuming and multistep processing as the signal amplification step is 
introduced during or after the reaction with the target [115, 146, 157, 159]. 
Compared to the previously reported sensors, our approach does not require 
lengthy hybridization procedures or handling of DNA-containing solutions 
during the detection procedure; instead, our procedure can be used for direct 
assay detection with Pb2+ ions after sensor preparation, and the sensor can be 
prepared ahead of time and stored.  In addition, the attachment of DNAzymes 
to the sensor surface also allow the regeneration of the sensor by washing off 
the cleaved substrates and replacing them with new substrates. By changing the 
DNAzyme probe, the design of this sensor could also be extended to detect other 








Table 3.1 Summary of Pb2+ sensors with respect to sensitivity, detection range and time interval for analysis. 
Probe LOD LOQ Sensing mechanism Time interval Ref 
DNA substrate-TAMRA, DNAzyme-Dabcyl  10 nM 10-4000 nM Fluorescence 15 min [71] 
Calix[4]arene molecule 20 nM 0-2000 nM Fluorescence - [132] 
DNAzyme, DNA substrate, AuNPs 100 nM 100-4000 NM Calorimetric 15 min [139] 
DNAzyme, DNA substrate-methylene-blue 0.3 µM 0.5-10 µM Electrochemical 1 hr [140] 
DNAzyme-BHQ-1, FAM-DNA substrate-BHQ-1 3.7 nM - Fluorescence 6 min [141] 
DNAzyme, DNA substrate-FAM, graphene oxide 0.3 nM 1- 1000 nM Fluorescence 20 min [142] 
DNAzyme, DNA substrate-fluorescein 1 nM 1 nM- 10 µM Fluorescence 1 hr [152] 
Organoclay film 0.95 µM  0.95-120 µM Reflectance 8 min [154] 
DNAzyme, DNA substrate, AuNPs, Raman reporter 20 nM 20- 1000 nM Raman 1 hr [155] 
DNAzyme, DNA substrate-fluorescein, Au-coated nanocapillary 
array membranes 
17 nM 17- 500 nM Fluorescence 1 hr [156] 
DNAzyme, DNA substrate, AuNPs, silver-staining 10 nM 10= 1000 nM Optical 45 min [157] 
DNAzyme, DNA substrate-Cy3 10 nM 10 nM- 100 µM Fluorescence  30 min [158] 
DNAzyme,  DNA substrate, quantum dots 0.6 nM 1-1000 nM Fluorescence 1 hr [159] 





The selectivity of this sensor for Pb2+ was also investigated by detecting 
several environmentally relevant metal ions (including Zn2+, Co2+, Cd2+, Mg2+, 
Cu2+, Ni2+, Fe2+, Hg2+, and Ba2+) at a higher concentration (10µM) under the 
same conditions. As shown in Fig. 3.8, the frequency changes for the other metal 
ions were very small, even though they were present at concentrations 10 times 
more than Pb2+ (1µM). This indicates that these metal ions have negligible 
effects on the proposed sensor. The result suggests that the approach offers 
excellent selectivity towards Pb2+ ions, giving it potential for future use.  
 
Fig. 3.8 Selectivity of the QCM-D sensor for Pb2+ detection; the frequency 
change between the blank and the solutions containing different metal ions. 
Concentration of Pb2+: 1M, concentration of other metal ions: 10 M.Error 
bars are standard deviation of three repetitive experiments. 
 
3.3.4 Detection of Pb2+ in tap water 
To demonstrate the practical application of this sensor in water analysis, 
the performance of the proposed method was evaluated by analyzing tap water. 
Tap water samples were spiked with different concentration of Pb2+ ions and 
analyzed by the QCM-D sensor. As tabulated in Table 3.2, the found values 





values with good recoveries. Besides, these results showed good consistency 
with the reading measured by ICP-MS. These results demonstrate that this 
method has a good accuracy for the determination of Pb2+ ions in drinking water. 
Table 3.2 Determination of Pb2+ in tap water samples using the proposed QCM-
D sensor and ICP-MS.The mean and standard deviation values are based on 









(mean ± SD) 
50 nM 49.7 ± 1.6 99.5 53.0 ± 0.1 
200 nM 199.7 ± 7.5 99.9 202.7 ± 0.9 
500 nM 474.6 ± 15.3 94.9 476.5 ± 1.9 
2000 nM 1800.4 ± 14.1 90.0 1914.3 ± 15.6 
 
3.4. Concluding Remarks 
In conclusion, we have developed a simple, label-free, sensitive and 
selective DNAzyme-based QCM-D sensor for the rapid detection of Pb2+. This 
method combines the high selectivity of DNAzymes with the high sensitivity of 
piezoelectric detection, offering a potential for “pollution-free” detection of 
metal ions in water. To our best knowledge, this is the first example of a 
DNAzyme-based QCM biosensor for Pb2+. Based on this method,  detection 
limit as low as 14 nM and 20 nM are achieved for frequency and dissipation, 
respectively, which are lower than the EPA regulated level for Pb2+ in drinking 
water. This sensor also offers excellent selectivity toward Pb2+ compared with 
other potentially coexisting metal ions. The satisfactory results obtained for the 
analysis of tap water demonstrate the feasibility of this approach for the 





in metal ions sensing by providing high sensitivity and dual-signal measurement. 
Compared to conventional techniques such as ICP, this label-free detection 
strategy is much more cost effective and smaller in size, providing the 
possibility for on-site and real-time detection of Pb2+. This simple detection 
strategy could find applications in the on-line water quality monitoring that 






Chapter 4: Simultaneous determination of bromate, chlorite 
and haloacetic acids by two-dimensional matrix elimination ion 
chromatography with coupled conventional and capillary 
columns 
4.1. Introduction 
Water disinfection is the process of removing or killing of pathogenic 
microorganisms. It has helped to reduce significantly the incidences of water-
borne diseases such as poliomyelitis and cholera. The most common 
disinfectants used in water disinfection are chlorine, chlorine dioxide and 
chloramines. Ozone is another type of disinfectant that is effective in treating 
chlorine resistant organisms. However, during the disinfection process, 
disinfection by-products (DBPs) are formed due to the reaction of disinfectants 
with natural organic and inorganic matter in the source water [160-164]. These 
DBPs take many forms, over 600 kinds of DBPs have been reported to date for 
the major disinfectants used as well as their combinations [164-166]. Based on 
the outcomes from toxicological studies, exposure to these compounds has been 
associated with a number of health problems.  
Haloacetic acids (HAAs) are one of the most prevalent group of DBPs 
in chlorinated water [167]. They are highly soluble in water as anions (pKa 
range from ~0.7 to 2.8) and majority of them are suspected to be carcinogenic 
agents and potential health threats, such as spontaneous abortions and birth 
defects [168-170]. The U.S. Environmental Protection Agency (EPA) has 




(MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), 
monobromoacetic acid (MBAA), dibromoacetic acid (DBAA)) under the 
Disinfectants and Disinfection Byproducts (D/DBP) Rule with a maximum 
contamination level (MCL)  of 60 µg/L in drinking water [171]. In the five 
HAAs, DCAA and TCAA are proven to be animal carcinogenic even at low 
concentration [172]. Therefore, World Health Organization (WHO) has 
established guidelines for chlorinated HAAs (MCAA: 20 µg/L; DCAA: 50 µg/L; 
TCAA: 200 µg/L), but not for brominated HAAs [173].  
The standard methods recommended by the U.S. EPA for determination 
of HAAs in water is gas chromatography with electron capture detection (GC-
ECD) [174-177]. Many gas chromatography with mass spectroscopy (GC-MS) 
methods have also reported [37, 178]. These methods provide high recoveries 
and low detection limits, but the transfer, extraction and derivatization of 
samples make the methods complex, time-consuming, labor-intensive and 
require the use of toxic organic solvent. Several alternative separation methods 
have been reported for the determination of HAAs, such as capillary 
electrophoresis (CE) [179, 180], ion chromatography (IC) [181-185] and liquid-
chromatography (LC) with UV detection [186, 187] or with mass spectrometry 
(MS) [188-190]. Although these methods provide shorter analysis time and do 
not require derivatization compared to GC-based methods, off-line 
preconcentration of samples and large injection volume are needed to comply 
with the minimum reporting levels required by the regulatory agencies. The 
high-field asymmetric waveform ion mobility spectrometry (FAIMS) methods 
also can provide very low detection limits with little sample preparation, but the 




sensitive new strategies without the need of off-line preconcentration and 
derivatization are desirable to increase simplicity and economize analysis time 
in HAAs determination. 
Along with HAAs, many studies have investigated the formation and 
presence of oxyhalide through drinking water ozonation [163, 193, 194]. In 
particular, bromate is one of the most important inorganic oxyhalide byproduct 
whose concentration in drinking water has to be controlled. Bromate (BrO3-) is 
primarily generated from ozone or hypochlorite disinfection when bromide ions 
are present in the water, or when chlorinated water is exposed to sunlight.  [163, 
195]. The International Agency for Research on Cancer (IARC) has classified 
bromate as a Group 2B substance (the agent is possibly carcinogenic to humans), 
thus there is a need to determine its concentration level in drinking water. The 
WHO specified a guideline of 25 µg/L for bromate in drinking water initially 
because of the limitations in the available analytical and treatment method. Soon 
the WHO has reduced their bromate guideline to 10 µg/L and estimated excess 
lifetime cancer risks of 10-4, 10-5, and 10-6 for drinking water containing bromate 
at 20, 2, 0.2 µg/L, respectively [196]. The EPA also promulgated a MCL of 10 
µg/L for bromate in drinking water under the D/DBP Rule and set a maximum 
contaminant goal of zero for bromate at the same time [171]. Besides of bromate, 
chlorite is another oxyhalide byproduct which is also regulated by agencies. 
Chlorite (ClO2-) is formed when chlorine dioxide is used as disinfectant [197]. 
Although not so toxic compared to bromate, chlorite are reported to have 
nervous system effects on fetuses, infants or young children [171]. Therefore, 
the WHO specified a guideline of 0.7 mg/L and US EPA promulgated a MCL 





Due to their potential health risk to humans, numerous standard methods 
have been developed for the analysis of oxyhalide, especially for bromate, by 
U.S. EPA and International Organization for Standardization (ISO) with many 
of these methods focused primarily on using IC combined with conductivity 
detection or postcolumn reaction followed by UV/Vis detection [41, 198-203]. 
EPA Method 300.1 was published as an update to Method 300.0 in which the 
detection limit of bromate was further reduced from 20 µg/L to 1.4 µg/L by 
using a higher capacity column. EPA Method 317.0 and Method 326.0 
combines suppressed conductivity detection and postcolumn addition of 
derivatization reagent to form chromophore with bromate which is then 
measured at UV/Vis detector. These spectroscopic methods offer excellent 
detection limit for bromate, however removal of chlorite is required prior to 
analysis as it can interfere with the quantitation and some of the reagents are 
possible carcinogens. In addition, derivatization is an additional processing step 
and could be prone to error. Method 321.8 describes the use of IC-ICP-MS for 
the determination of bromate in drinking water. This approach is highly 
sensitive although sample pretreatment is required to remove HAAs prior to 
sample injection. They are many MS-based detection techniques have been 
reported for the determination of trace level of oxyhalides in drinking water 
[204-206]. Although sub-ppb level detection limits and multi-component 
analysis could be achieved with the methods, they each add considerable 
complexicity and significant cost to the analysis. 
Oxyhalides and HAAs are among the most common DBPs found in 
drinking water in the µg/L level, but also found in environmental waters such 




compounds in samples that contained high levels of common anions, such as 
chloride, sulfate and carbonate, is the main challenge. The presence of high 
levels of matrix ions can co-elute with the analytes of interest making analysis 
with direct injection of sample not possible. In addition, the matrix ions can 
overload the separator column causing analyte peak distortion or broadening. 
As such, sample pretreatment step is required to improve method sensitivity. In 
particular, silver resin, barium resin and H+ resin are used to remove chloride, 
sulfate and carbonated, respectively. Alternatively, sample dilution can be used 
to lower the matrix ion concentration but it will also lower the analyte 
concentration, which makes trace analysis difficult. Another approach for high 
matrix concentration samples is heart-cut column-switching whereby a 
switching valve is used to divert majority of matrix ions to waste followed by 
further detection of the analyte peaks. In line with this, various instrumental 
configurations have been used for applications such as determination of 
perchlorate [208, 209] and bromate [210] in drinking water. These methods 
provide excellent detection limits but only targeted single analyte analysis.  
Since bromate, chlorite and HAA5 are the important regulated DBPs, it 
is a great advantage if a method can be used to detect all of these compounds 
simultaneously. Suppressed IC technique is widely used for the separation and 
determination of ionic solutes in water in general with the advantages of low-
cost, low background, simple operation and construction. However, due to 
presence of mg/L matrix in sample and frequent co-elution with each other, plus 
their low concentration and the non-specific nature of suppressed conductivity, 
to establish a single routine and reliable IC method is a significant challenge. In 




scale IC. The scaling down from conventional analytical IC columns (2mm and 
4 mm i.d.) to capillary columns (0.4 mm i.d.)  provides several benefits in term 
of speed, time, sensitivity and cost of ownership. While many applications of 
IC have been described, relatively few capillary IC applications exist. In this 
study, we demonstrate the application of an inline matrix elimination two-
dimensional IC (2D-IC) method for the determination of bromate, chlorite and 
HAA5 in various water samples with suppressed conductivity detection. The 
approach combined the conventional IC with capillary scale IC and used 
independent temperature control of each column to manipulate the overall 
selectivity of the system. To our best knowledge, this is the first two-
dimensional method reported to date to incorporate regulated oxyhalides and 
HAAs in a single separation and detection run. This 2D-IC system coupled with 
capillary IC provides the method with superior sensitivity and the use of 
different chemistry columns minimizes the possibility for false positive. The 
approach also offers a possibility for routine analysis of these compounds by IC 
with advantages of simultaneous, fully-automated and higher throughput 
alternative to individual standard methods.  
4.2. Experimental 
4.2.1. Chemicals 
Analytical grade MCAA, MBAA, DCAA, DBAA and TCAA, as well 
as the potassium salts of bromate, chlorate (ClO3-), fluoride (F-), sulfate (SO42-), 
phosphate (PO43-) and the sodium salts of chlorite, bromide (Br-), chloride (Cl-), 
nitrite (NO2-), nitrate (NO3-) and carbonate (CO32-) were obtained from Sigma-




were prepared at a concentration of 1000 mg/L and stored in the fridge at 4oC 
until required for use for working standards. The stock standard of chlorite was 
prepared every 2 weeks and stored protected from light at 4oC. All working 
standards were freshly prepared daily using diluent water from a TKA 
Smart2Pure purification system (Germany) with a specific resistance of 18.2 
M.cm. 
4.2.2. Instrumentation 
All experiments were accomplished by Thermo Scientific Dionex ICS-
5000 (Sunnyvale, CA, USA) configured with a conventional analytical IC 
system (first-dimension) and a capillary IC system (second system). It equipped 
with a dual pump module, dual eluent generator (EG) modules, dual 
conductivity detectors, a thermal compartment with dual temperature zone 
configuration, three six-port injection valves and an autosampler. The schematic 
of the instrument configuration is shown in Fig. 4.1. The instrumental control, 
data acquisition and processing were performed by Thermo Scientific Dionex 
Chromeleon chromatography data system. The potassium hydroxide (KOH) 
eluent was generated from EG cartridge by feeding in a stream deionized water. 
The continuously-regenerated anion trap column (CR-ATC) was used in both 
dimension to remove any residual anionic impurities from eluents.   
The separations on first dimension were performed on an IonPac AS19 
analytical column (4x 250 mm) and an AG19 guard column (4 x 50 mm) at 
column temperature 20oC with a PEEK tubing of 100 µL used as the sample 
loop. All experiments were carried out using suppressed conductivity detection 




KOH eluent was flowed at 1.0 mL/min. Optimum gradient conditions were 10 
mM KOH for 10 min, then ramped linearly to 45 mM KOH over 15 min and 
kept at 45 mM KOH for another 5 min. Subsequently, the KOH concentration 
was decreased to 10 mM and maintained for 35 min for equilibrium before the 
next injection. 
 
Fig. 4.1 Schematic diagram of the instrument setup for 2D-IC used for the 
determination of oxyhalides and HAA5.  
 
The separations on second dimension were performed on an IonPac 
AS26 capillary column (0.4 x 250 mm) and an AG26 guard column (0.4 x 50 
mm). All experiments were carried out using suppressed conductivity detection 
with suppressor ACES 300 (0.4 mm). The column temperature was optimized 
such that the initial temperature for the separation was at 35 oC and then cooled 
to 20 oC at 24 min. The KOH eluent flowed at 0.01 mL/min. Optimum gradient 




to 15 mM and ramped linearly to 35 mM KOH over 30 min. Subsequently, the 
KOH concentration was increased to 70 mM and run for 20 min. A carbonate 
removal device (CRD 200) was placed before the conductivity detector (CD) to 
remove carbonate from the samples. A Dionex IonSwift MAC-200 trap column 
(0.75 x 80 mm) was placed between the first and second dimension of the 2D-
IC system set-up to trap target analytes.  
4.2.3. OnGuard Ba/Ag/H cartridge evaluation  
In this study, the recoveries of analytes after sample pretreatment with 
cartridge, containing barium resin, silver resin and strong acid resin in the H+ 
form, were determined to evaluate the amount of analyte that was lost on sample 
pretreatment. OnGuard Ba/Ag/H cartridges (2.5 cc), from Thermo Scientific 
Dionex, were used in the experiment. To improve the recovery of oxyanions, 
the standards were spiked to 100 mg/L CO32- using Na2CO3 salt prior to 
pretreatment with Ba/Ag/H cartridge.  
To perform sample pretreatment using Ba/Ag/H cartridge, the cartridge 
was first pretreated with 20 ml of DI water using a 5 mL syringe. Subsequently, 
sample was loaded into the cartridge and the first 7 mL of effluent was discarded. 
The next 2 mL of effluent was collected for analysis. 
4.2.4. Analysis of real water samples 
 Tap water samples were collected from domestic tap by allowing the tap 
to run for approximately 2 min. Bottled water samples were purchased from the 
grocery store. Surface water samples were collected from a lake and composited 




prior to analysis. The samples were filtered through 0.2 µm filter before analysis 
and analyzed on the same day.  
4.3. Results and Discussion 
4.3.1. Separation of peaks in first dimension  
During the initial development of the two-dimensional (2-D) method, 
the condition of first dimension was first optimized. The determination of 
oxyhalides and HAAs is usually hampered by chloride as it is the main 
interference ions in many of the real water samples and often eluting next to 
them. Poor separation in the first dimension may result in excess chloride being 
diverted onto the second column, leading to determination of these compounds 
in second dimension difficult once again. Therefore, the selection of first 
dimension column is important as it determined the subsequent separation and 
detection of target analytes in second dimension. Ideally, the first dimension 
column should provide good separation between the analyte and the matrix to 
allow an adequate window for heart-cutting the peak of interest. To facilitate 
this, a higher capacity column, IonPac AS19 (240 µeq/column), was employed 
as the first dimension column due to its capability of handling high matrix 
concentration. Hydroxide was chosen as the eluent because it provided the best 
environment for concentrating and capturing the peak of interest into the 
concentrator column for further analysis in the second dimension.  According 
to U.S. EPA, HAAs tend to degrade under high pH condition. Such conditions 
may happen in the mobile phase of ion exchange columns and the reaction is 
temperature dependent. For this reason, the separation in first dimension was 




temperature also provided good separation of analyte from matrix. Besides of 
target analytes (BrO2-, ClO2-, HAA5), some common interference anions (F-, 
Cl-, NO2-, Br-, ClO3-, NO3-, SO42- and PO43-) were also included in the analysis 
to ensure that they did not interfere with the target analyte peaks. Fig. 4.2 shows 
the first dimension chromatogram of a standard solution of oxyhalides and 
HAA5 as well as interference anions obtained using IonPac AS 19 column. 
Under optimized chromatographic conditions, it can be seen that all the target 
analytes were well separated from the interference anions. This separation 
allowed setting of the time for diversion of target analytes to trap column and 
diversion of interference ions to waste. From the chromatogram, it could be seen 
that ClO2-, BrO3-, MCAA and MBAA were coeluting. It was proposed that since 
these four compounds were analytes of interest, they could be diverted into the 
second dimension column to achieve sufficient separation.  
 
Fig. 4.2 The first dimension chromatogram of the mixture standard spiked with 
common ions, HAA5 and oxyhalides. Conditions: Dionex IonPac AS19 column 
(4 x 250 mm) associated with AG19 guard-column; injection volume: 100 µL; 
temperature: 20oC; flow rate: 1.0 mL/min; eluent gradient of KOH: 0-10 min: 
10 mM, 10-25 min: 10-45 mM , 25-30 min: 45 mM, 30 min: 45-10 mM, 30-65 





















































MBAA= 5 mg/L, Cl-= 20 mg/L, DCAA= 5 mg/L, NO2-= 1 mg/L, DBAA= 5 
mg/L, ClO3-= 5 mg/L, Br-= 8 mg/L, NO3-= 10 mg/L, TCAA= 5 mg/L, SO42-= 
20 mg/L, PO43-= 8 mg/L. 
 
4.3.2. Separation of oxyhalides and HAA5 in second dimension 
4.3.2.1. System Configuration 
Fig. 4.1 shows the detailed instrument layout used for implementing the 
2D-IC method. Different from EPA Method 314.2 and 302 or other 
multidimensional methods, this approach integrated the analytical IC system 
and capillary scale IC system to provide a single IC system and an additional 
valve (valve 3) was employed to allow setting of multiple cut windows. After 
the sample was introduced into the system by injection valve 1, the effluent 
from first dimension was delivered to second dimension through valve 
switching. This is achieved using two six-port valves and a trap column. Valve 
3 is used to switch the desired fraction containing only target analytes on to trap 
column and switch the undesired matrix to waste. After all desired fractions 
were focused on the trap column, they were then diverted on to capillary column 
by injection valve 2 to achieve sufficient separation.  
4.3.2.2. Optimization of cut window 
In any matrix elimination approach, setting the cut window for the 
fraction of first dimension effluent to be diverted into trap column is critical for 
the method to be successful. It is the time window required for setting the valve 
timing to capture the peak of interest entirety on to the trap column. Since some 




the size of cut window also determined the amount of interfering anions entering 
the second dimension column. In addition, in the experiment, it was found that 
there were some unknown peaks always appeared in the chromatogram of 
second dimension but they were not seen in the chromatogram of first 
dimension. These unknown peaks were found even in the analysis of deionized 
water as shown in Fig. 4.3. Based on the results obtained, we found that the size 
of cut window may affect the number of unknown peaks presence in the second 
dimension chromatogram as well as their peak intensities. As shown in Fig. 4.3, 
an obvious increase in number of unknown peaks and peak intensities were 
observed in the chromatograms with increasing the size of cut window. From 
the results, we believed that these unknown peaks might be the compounds 
leach-off from the polymer materials of the tubing or the stationary phase of the 
columns used. They were detectable in the second dimension, but not in the first 
dimension or any of the previously reported single dimension IC methods, due 
to sensitivity enhancement of the 2-D method through the use of capillary 
column in the second dimension with a concentration step between the two 
columns. Therefore, it is recommended to keep the cut window width as smaller 
as possible in order to minimize the interference peaks from first dimension, as 
well as the number of unknown peaks, in second dimension. On the other hand, 
it must be ensured that the cut window width is adequate for the complete 
capture of all the target analytes without any loss after valve switching. As such, 
instead of using a single wide cut window to transfer all the target analytes in 
one fraction, four cut windows were used in this study to transfer only the target 
analytes onto the trap column. The first cut window, 5.3-6.6 min, allowed the 





7.4-8.3 min, 8.6-9.4 min and 13.4-15.0 min allowed the diversion of DCAA, 
DBAA and TCAA on to the trap column, respectively. The valve 3 was used in 
the setup to implement the proposed multiple cut windows by switching the first 
dimension effluent between the waste line and trap column (Fig. 4.1). Since 
high ionic strength matrices can result in peak broadening and retention time 
shift [209, 210], the effect of high ionic strength matrix on the retention times 
of bromate, chlorite and HAA5 is also a critical factor which must be addressed 
when setting the cut window for the method. As such, the cut windows were 
optimized based on their retention times in both the deionized water and tap 
water matrices to ensure that they elute within the cut window in varying ionic 
strength matrices.  
 
Fig. 4.3 The second dimension chromatograms of DI water with different cut 
window width. First dimension conditions: Dionex IonPac AS19 column (4 x 
250 mm) associated with AG19 guard-column; injection volume: 100 µL ; 
temperature: 20 oC; flow rate: 1.0 mL/min; eluent gradient of KOH: 0-10 min: 
10 mM, 10-25 min: 10-45 mM , 25-30 min: 45 mM, 30 min: 45-10 mM, 30-65 
min: 10 mM. Second dimension conditions: Dionex IonPac AS26 column (0.4 
x 250 mm) associated with AG26 guard-column; temperature: initial 




eluent gradient of KOH: 0-15 min: 6 mM, 15 min: 6-15 mM, 15-45 min: 15-35 
mM, 45 min: 35-70 mM, 45-65 min: 70 mM. 
 
4.3.2.3. Optimization of column temperature in second dimension 
Since the majority of the matrix ions were already eliminated in the first 
dimension, the second column only required to provide good separation 
between the target analyte peaks and any other contaminants. In this study, the 
IonPac AS26 capillary column was employed for the second dimension analysis. 
The chemistry of this capillary column provided a different selectivity 
compared to the IonPac AS19 chemistry. A series of experiments was 
performed to determine a suitable condition for the separation of the contents 
from the trap column. It was observed that using hydroxide eluents to 
manipulate the separation selectivity was not able to fully resolve all the target 
analytes, coelution between the analytes was observed under any of the 
conditions investigated. In an attempt to improve peaks separation, different 
column temperatures were investigated ranging from 15 to 40 oC. It was noticed 
that the retention of HAAs were greatly affected by temperature and showed an 
increase in retention with increasing temperature as shown in Fig. 4.4. Unlike 
HAAs, the retention of oxyhalides were less affected by temperature. The 
results show that increasing temperature led to an increase in resolution of ClO2-, 
Cl-, BrO3-, MCAA and MBAA peaks, but decrease in resolution of DBAA and 
ClO3- peaks. In contrast, an improved resolution of DBAA and ClO3- was 
observed with decreasing temperature. Considering some ClO3- may be 
transferred onto trap column due to close elution with DBAA in first dimension, 




shows the second dimension chromatogram of target analytes obtained at 
optimum temperature and gradient condition. The separation was first done at 
35 oC to improve the resolution of ClO2-, Cl-, BrO3-, MCAA and MBAA peaks; 
and then decrease to 20 oC at 24 min to improve the resolution of DBAA and 
ClO3-, as well as to shorter the elution time of TCAA. It can be seen that the 
combined using of temperature programming and hydroxide gradient results in 
acceptable resolution of all peaks of interest. Here, temperature has shown to 
have greater impact in improving resolution of overlapping and closely eluting 
peaks. Till now only limited number of studies have included temperature 
gradients in ion exchange separation [183, 185]. The method developed in this 
study demonstrates an application of temperature programming could be used 
to improve the resolution of closely retained species in ion exchange separation 
and is a useful solution to obtain complete resolution. It is noteworthy that no 
post-run equilibration was required between successive runs, thus new sample 
could be injected immediately after the end of the run. Since the first dimension 
separation was run at constant temperature (20 oC) and the eluent concentration 
was stepped back down to 10 mM at 30 min, the re-equilibration of the first 
dimension column could be completed before the overall run time was reached. 
While the second dimension column was re-equilibrated when the sample was 






Fig. 4.4 Temperature effect on peaks separation on second dimension column.
(1. ClO2-, 2. MCAA, 3. BrO3-, 4. MBAA, 5. Cl-, 6. DCAA, 7. DBAA, 8. ClO3-, 
9. TCAA).  
 
 
Fig. 4.5 The second dimension chromatogram of the mixture standard spiked 
with common ions, HAA5 and oxyhalides. First dimension conditions: Dionex 
IonPac AS19 column (4 x 250 mm) associated with AG19 guard-column; 
injection volume: 100 µL ; temperature: 20oC; flow rate: 1.0 mL/min; eluent 
gradient of KOH: 0-10 min: 10 mM, 10-25 min: 10-45 mM , 25-30 min: 45 mM, 
30 min: 45-10 mM, 30-65 min: 10 mM. Second dimension conditions: Dionex 
IonPac AS26 column (0.4 x 250 mm) associated with AG26 guard-column; 
temperature: initial temperature 35 oC and cooled down to 20 oC at 24 min; flow 
rate: 0.01 mL/min; eluent gradient of KOH: 0-15 min: 6 mM, 15 min: 6-15 mM, 




MCAA= 200 µg/L, BrO3-= 200 µg/L, MBAA= 200 µg/L, DCAA= 200 µg/L, 
DBAA= 200 µg/L, TCAA= 200 µg/L. 
 
4.3.3. Temperature effect on recovery of HAAs  
As mentioned above, HAAs tend to degrade at high temperature. Unlike 
HAAs, oxyhalides are reported to be well stable even at high temperature. As 
such, the temperature effect on the recovery of HAA5 was investigated while 
determining the optimum temperature condition for the method. The analysis 
was carried out at column temperature ranging from 15 to 40 oC, as well as for 
the temperature programming condition from 35 to 20 oC. Generally, a decrease 
in recovery was observed for most of the HAAs with increasing column 
temperature as shown in Table 4.1. Relative to the peak areas obtained at 15 oC, 
the recoveries of HAAs using temperature programming condition are greater 
than 92 % in overall, except for MCAA which is 75.5 %. The recoveries are 
higher than that obtained at 35 oC and 40 oC. The results indicate that the 
temperature programming method does not significantly affect the method 
accuracy. Therefore, considering the separation efficiency, temperature 
programming from 35 to 20 oC was used as the column temperature for peaks 










Table 4.1 Temperature effect on the sensitivity of HAAs (n=3). The HAAs 
standard (100 ppb) was analyzed at different column temperatures with other 
conditions remained the same. 
Substance Temperature (oC) Average peak 
area (µS*min) 
Average %  









25 1.7502 94.7 
















25 1.4644 102.9 
 





40 1.1105 78.0 
 
35-20 1.3126 92.2 
 
DCAA 
15 1.9921 - 
20 1.9669 98.7 
 
25 1.9210 96.4 
30 1.9941 100.1 
 
35 1.8644 93.6 
40 1.8729 94.0 
 









30 1.0807 100.5 
35 1.1564 107.5 








20 1.8209 98.8 
 
25 1.7979 97.6 
 
30 1.7961 97.5 
35 1.7264 93.7 
40 1.6791 91.1 
 





4.3.4. Performance of 2D-IC method 
To evaluate the performance of the proposed 2-D method, the linearity, 
limit of detection (LOD) and limit of quantification (LOQ) for each of the target 
analytes were determined and the results are presented in Table 4.2. Linearity 
was measured by injecting standard of target analytes at different concentration 
levels in triplicate. All the calibration curves exhibited excellent linearity with 
correlation coefficients greater than 0.998. The LODs and LOQs were defined 
as 3 and 10 times the standard deviation of the blank, respectively. The LODs 
for the optimized one-dimensional method were also determined for 
comparison. The LODs for the 2-D method were ranged from 0.30 to 0.64 µg/L, 
which were remarkably lower than that obtained by one-dimensional method. 
By comparing the peak area obtained from the second dimension and the peak 
area from the first dimension analysis, the 2-D approach coupled with capillary 
IC showed approximately 100 times improvement in sensitivity. For example, 
the bromate peak area of a 100 µg/L standard from the first and the second 
dimension analysis were 0.0245 µS min and 2.382 µS min, resulting in nearly 
100-fold increase in sensitivity. The signal enhancement was approximately 
proportional to the ratio of the cross sectional area of the two column formats 
(see Table 4.3).  
Table 4.3 Signal enhancement at different cross sectional area of columns in 
second dimension. 
Increased signal in second dimension 
ID (mm) Peak Area 




















 Based on 7 points and n = 3 
b
 LOD = 3/slope 
c LOQ =10/slope






(in reagent water, 
µg/L) 
LOQc 
(in reagent water, 
µg/L) 
LODb 
(in tap water, 
µg/L) 
LODb 
(in reagent water, 
µg/L) 
ClO2- 4-1000 0.9993 0.60 1.99 0.60 1.67 
BrO3- 1-250 0.9991 0.35 1.20 0.46 2.79 
MCAA 1-250 0.9991 0.30 1.01 0.39 2.09 
MBAA 1-250 0.9986 0.58 1.94 0.69 3.35 
DCAA 1-250 0.9988 0.34 1.13 0.38 2.79 
DBAA 1-250 0.9987 0.64 2.15 0.72 4.40 




The results demonstrated that the introduction of capillary scale IC 
provides an unique opportunity to significantly enhance the method sensitivity, 
allowing the detection of bromate, chlorite and HAA5 in the sub-µg/L range 
without the need of offline preconcentration step. The LODs for tap water 
samples were also determined to investigate the possible matrix impact, 
excellent detection limits were obtained ranged from 0.38 to 0.72 µg/L as 
tabulated in Table 4.2. The detection limits with only 100 µL injection volume 
are comparable or lower than those obtained by current standard methods [41, 
174-177, 198-203, 210] and other previously reported approaches [179-182, 
184-190, 206] where many of them employed offline preconcentration or large 
volume injection to improve method sensitivity. Besides of the improvement in 
sensitivity, this method offers an advantage of allowing reliable detection of 
chlorite, bromate and HAAs in a single injection which in many cases 
simultaneous detection of these compounds are not possible. For example in the 
case of EPA Method 557 and the one-dimensional method in this study, the 
MCAA and chlorite peaks are co-eluted, alternate method with different 
chromatographic conditions is required to confirm the identity of the peaks as 
per the request by the U.S. EPA. In addition, we found that chlorite was lost 
after pretreatment with Ba/Ag/H cartridges, which are often used to remove 
sulfate, chloride and carbonate in samples. Chloride and sulfate are the two 
major matrices present in water samples. They may be present naturally in 
environmental waters from few hundreds to few thousands ppm level. The 
ubiquitous presence of carbon dioxide in air (typically 390 ppm and increasing 
[211]) results in dissolved carbon dioxide being one of the most common 




in the samples to minimize interference. In this study, we evaluated the amount 
of analyte that was lost in sample pretreatment with Ba/Ag/H cartridges. Table 
4.4 showed the recovery for each analytes spiked at lower and higher 
concentration levels. It can be seen that the recoveries for HAA5 and bromate 
were very close to 100%. However, chlorite was lost after sample pretreatment 
and the removal was not consistent from extraction to extraction, resulting in a 
large RSD value. Thus, for the methods that employed sample pretreatment with 
these cartridges, simultaneous detection of chlorite is also not possible. 
Nevertheless, the present matrix diversion approach enables simultaneous 
detection of these regulated DBP species by direct aqueous injection without 





















Recovery (%) RSD (%) 
ClO2- 20 n.a. n.a. 2000 2.4 21.1 
BrO3- 2 100.9 0.6 400 98.9 8.7 
MCAA 5 91.4 0.9 400 99.7 2.8 
MBAA 5 93.0 0.4 400 97.7 6.5 
DCAA 5 106.6 0.6 400 99.6 5.6 
DBAA 5 103.2 1.3 400 104.7 10.5 




4.3.5. Water samples analysis 
In order to demonstrate the practical application, as well as to evaluate 
method accuracy and precision, the proposed 2-D method was applied for the 
analysis of bromate, chlorite and HAA5 in various water samples. Surface water, 
bottled waters, drinking water and reagent water were analyzed for the native 
level of these species and then fortified at different concentration levels. As 
tabulated in Table 4.5, the method exhibited acceptable accuracy with recovery 
ranging from 90 to 116 %, and good precision with RSD less than 6.1 %. The 
chromatogram from the analysis of a bottled water sample using the two-
dimensional method is illustrated in Fig. 4.6. The satisfactory results 
demonstrate that the proposed 2-D method is a sensitive and useful method for 
the determination of low level oxyhalides and HAAs in a wide range of sample 
matrices. 
 
Fig. 4.6 The chromatogram of (A) bottled water B and (B) bottled water B 








Table 4.5 Precision and spiked recoveries of bromate, chlorite and HAA5 from fortified water samples (n = 3). 
 




































2.5 µg/L, %) 
RSD 
(%) 
ClO2- n.d. 96.9 0.79 n.d. 105.7 0.67 0.91 94.8 6.05 n.d. 93.9 0.61 109.2 0.51 
BrO3- 2.33 99.5 1.4 1.58 107.2 0.64 1.16 114.2 4.45 1.35 102.3 0.51 97.8 0.91 
MCAA n.d. 91.7 0.57 n.d. 101.1 0.70 n.d. 90.5 4.41 n.d. 94.7 0.85 101.3 1.25 
MBAA n.d. 93.2 0.95 n.d. 106.1 0.54 n.d. 94.5 5.69 n.d. 98.3 0.63 104.6 1.70 
DCAA n.d. 102.5 0.38 n.d. 105.3 0.12 n.d. 96.5 1.55 n.d. 99.2 0.34 105.9 1.54 
DBAA 1.36 98.4 0.52 0.87 96.2 0.48 1.35 115.4 1.63 0.73 96.2 0.93 101.7 0.73 
TCAA 0.53 109.5 0.56 n.d. 104.9 0.52 1.14 111.8 1.88 n.d. 98.2 0.74 100.1 0.32 
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4.4. Concluding Remarks 
In this study, we have demonstrated a new application of two-
dimensional IC for accurate and simultaneous detection of regulated DBPs, 
bromate, chlorite, and HAA5. The method was able to eliminate matrix and 
improve the detection of DBP species in the presence of interfering matrix ions. 
In addition, the use of capillary scale IC in second dimension has significantly 
lower the limit of detection, allowing direct detection in the sub-µg/L range. 
The resolving power of the approach has been improved significantly with the 
use of temperature programming and different selectivity columns. The method 
also shows good precision and accuracy, and is simpler and more economical 
than other previously published methods. We have also demonstrated the 
feasibility of the method by analyzing various water samples and have 
demonstrated good recovery. This method is fully automated, which would 
allow for high throughput analysis of DBPs by IC with minimal intervention by 
operator and improves consistency between different laboratories and analysts. 
The satisfactory results demonstrated that the two-dimensional matrix diversion 







Chapter 5: Conclusion and future work 
 This dissertation has presented the results of attempts at the development 
of analytical methods for the determination of cationic and anionic pollutants in 
environmental water. The objective of these works is to fill-up some of the 
existing gaps in automated water quality control and also to fulfill the growing 
demands in on-site and on-line monitoring of pollutants in water. In particular, 
DNA biosensor has been demonstrated to be able to determine ionic pollutants, 
such as Hg2+ and Pb2+, and could be potentially useful for on-site and on-line 
monitoring of water quality. In addition, another analytical method, multi-
dimensional ion chromatography is able to eliminate matrix and improve 
detection of selected ionic pollutants in the presence of matrix, and provide an 
opportunity for automated analytical measurement in water quality monitoring. 
In conclusion, these analytical methods could find potential application for the 
determination of ionic pollutants in environmental water.  
5.1. Summary of results 
In chapter 2, a simple “mix-and-detect” type of DNA-based fluorescent 
sensor was shown to be able to detect Hg2+ in aqueous media. The results 
showed that the performance of the sensor could be tuned by rationally 
controlling the number of thymine-thymine (T-T) mismatches in between the 
molecular beacon loop and mismatched target DNA. It addition, the 
performance of sensor can be improved by mixing of different mismatched 
targets in the assay. From the sensitivity study, the results showed that the sensor 





showed excellent selectivity toward Hg2+ in the presence of other metal ions. 
The proposed strategy was also able to detect Hg2+ in lake water samples. This 
sensor is potentially useful for on-site detection in environmental applications
involving different concentration ranges. 
In chapter 3, a simple and lable-free DNAzyme-based quartz crystal 
microbalanced with dissipation monitoring biosensor was shown to be able to 
detect Pb2+. The results showed that Pb2+ can induce substrate cleavage. The 
concentration of Pb2+ ions can be determined on-line by monitoring the change 
in frequency and dissipation signals. The results revealed that the sensor showed 
a sensitive response to Pb2+ ions. This QCM-D biosensor also exhibited 
excellent selectivity toward Pb2+ ions in the presence of other divalent metal 
ions. In addition, the approach was able to detect Pb2+ in tap water, 
demonstrated its great potential for monitoring drinking water quality. The 
detection strategy would provide an opportunity for “pollution-free” and on-line 
detection of metal ions in water. 
In chapter 4, a sensitive two-dimensional matrix elimination ion 
chromatography (IC) method was demonstrated and was shown to be able to 
detect anionic disinfection by-products. This method was able to detect bromate, 
chlorite, and five haloacetic acids simultaneously. The results showed that this 
method was able to eliminate matrix and improve the detection of these 
compounds in the presence of interfering matrix ions. By optimizing the cut 
window, the target analytes can be selectively cut and trapped in a trap column 
through valve switching and the separated matrix can be diverted to waste. In 





column in second dimension has significantly lower the method detection limits, 
allowing direct detection in the sub-µg/L range. This method is environmental 
friendly as it eliminates the need to use chemical solvents and reagents. This 
method is also fully automated, which would allow for high throughput analysis 
of disinfection by-products by IC with minimal intervention by operator. 
5.2. Future work 
It is believed that the works presented in this dissertation has 
demonstrated some potential analytical methods that can be useful for 
determination of ionic pollutants in environmental water. There remain several 
areas for future work for these methods to be brought into actual practice or to 
achieve the monitoring goal. 
Undoubtedly, sensors are a promising technique for environmental 
application, however, the development of sensor for actual practice is still at an 
early stage. Compared to conventional methods such as AAS and ICP-MS, 
sensor measurements are much simpler and cheaper, and easier for 
miniaturization, which makes it more suitable for on-site or on-line monitoring 
detection. However, sensors often suffer from the drawback of poor stability 
and reproducibility. This is a considerable problem in mass production and in 
practical application. Therefore, more cheap, simple and reliable techniques and 
devices need to be extensively explored in future. In addition, despite the fact 
that many sensors have been reported over the past few years, most of them only 
demonstrate the proof-of-concept of sensors for detection of pollutants in buffer 
solutions or artificial matrices. Therefore, a future challenge is to apply these 





We have demonstrated that DNA biosensors could be used for the 
detection of heavy metal ions. Although a number of functional DNAs or 
DNAzymes have been obtained that are specific for different metal ions, a 
fundamental understanding of the structural features responsible for the 
remarkable selectivity is still lacking due to difficulty in obtaining three-
dimensional (3D) structures of these DNAzymes. Therefore, efforts should be 
continued to elucidate the exact 3D structural features in order to have better 
understanding on the chemistry behind. In addition, our work only tested on the 
DNAs that are specified to Hg2+ and Pb2+. In future, more DNAs, specified to 
other pollutants, can be tried out based on the same principle. Since they are 
usually present simultaneously in contaminated water, future challenge is the 
multiplexed detection of different metal ions simultaneously.   
Since the fundamental of a biosensor is the construction of the bio-
recognition element for the interaction with the targets, the availability of a 
recognition element determine whether a biosensor can be developed for a 
particular target pollutant.  Therefore, one important task in the field of DNA 
biosensor is the identification of new functional DNAs or DNAzyme that can 
recognize more pollutants. To address this challenge, more in-depth 
investigation is required to improve the classic DNA selection or discovery 
techniques.  
Generally, IC methods provide high speed separation in many cases and 
they are simple enough to be used on a routine basis. Our study demonstrated a 
great potential of multi-dimensional IC in the analysis of anionic pollutants. In 





ionic pollutants of interest. The most important challenge related to IC is 
miniaturization. Miniaturization of analytical instrumentation presents an 
important role for on-site and on-line application of  water quality monitoring. 
Advances in modern electronics, and computer and micromachining technology 
will increase the potential of miniaturization of IC in the future. In line with this, 
IC will become an even more valuable tool in the future. 
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